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FOREWORD 


(C)  Undeir  Contract  No.  AF  04(6 1 1)-85 16,  United  Technology  Center  (UTC) 
has  been  conducting  an  applied  research  and  development  program  on  high- 
energy  hybrid  propellant  systems.  The  program  was  initiated  in  August  1962 
with  an  effort  directed  toward  high-energy  space-storable  propellant  sys¬ 
tems.  The  original  objectives  included  the  development  of  a  5000-lb  thrust 
hybrid  motor  capable  of  a  specific  impulse  in  excfiss  of  300  sec  (1000/ 14.  7) 
with  space  storable  propellants,  20  sec  of  full  thrust  operation,  multiple 
start  operation,  and  thrust  modulation  over  at  least  a  12:1  range. 

(C)  Prior  to  initiation  of  the  present  follow-on  effort,  all  of  the  objectives 
except  throttling  had  been  demonstrated  with  a  propellant  system  consisting 
of  OF2  and  a  fuel  containing  25%  lithium,  10%  lithium  hydride ,  and  65%  binder. 
The  throttleable  motor  development  studies  were,  therefore,  completed 
using  this  same  fuel  system. 

(C)  In  December  1964  a  portion  of  the  program  was  redirected  toward  the 
investigation  of  prepackaged  hybrid  propellant  systems  suitable  for  appli¬ 
cation  inair-launched  tactical  missiles  so  that  the  program  objectives  would 
be  consistent  with  current  Air  Force  studies.  The  revised  Phase  II  pro¬ 
gram  objectives  included  the  selection  and  evaluation  of  candidate  propel¬ 
lants  applicable  to  a  prepackaged  tactical  missile  system.  This  system 
requires  a  propellant  system  which  is  storable  between  -65*  and  fl65“  F, 
is  nonsustaining  so  that  motor  shutdown  and  restart  are  achievable,  and 
which  produces  an  exhaust  plume  with  favorable  radar  attenuation  and  reflec¬ 
tion  properties.  A  propellant  system  consisting  of  an  oxidizer  containing 
either  chlorine  pentafluoride  (CIF5)  and/or  bromine  pentafluoride  (BrF5) 
and/or  perchloryl  fluoride  (C103F)with  a  fuel  containing  triaminoguanidine 
azide  (TAZ),  boron,  ammonium  perchlorate  (AP),  and  binder  have  the 
potential  of  meeting  these  objectives. 

(U)  The  research  activity  reported  in  this  publication  (UTC  Publication 
No.  2098-FR)  was  supported  by  the  Advanced  Research  Projects  Agency. 
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(C)  A  lightweight  12-in.  hybrid  test  motor  has  been  developed  which  is 
capable  of  delivering  5000-lb  thrust  for  20-sec  duration  and  up  to  90-sec 
duration  at  reduced  thrust.  The  motor  has  consistently  delivered  a  specific 
impulse  in  excess  of  300  sec  (1000/14.  7),  with  a  high  value  of  316  sec,  is 
capable  of  multiple  restarts,  and  can  be  throttled  over  a  13.8:1  ratio  while 
maintaining  a  nearly  constant  mixture  ratio.  The  propellant  system,  which 
consists  of  OF2  and  a  fuel  containing  lithium,  lithium  hydride,  and  a  binder 
has  demonstrated  its  suitability  to  space  storable  mission  requirements. 
Further  development  of  this  propulsion  system  would  now  require  the  appli¬ 
cation  of  the  technology  achieved  to  f  lightweight  motor  designs  and  to  statis¬ 
tical  evaluation  of  fuel  utilization  and  motor  performance  in  multiple  tests 
of  flight  configuration  motors. 

(C)  Injector  development  studies  have  resulted  in  several  injector  designs 
which  will  eliminate  the  requirement  for  injector  shielding  and  reduce  or 
eliminate  the  requirement  for  a  splash  block.  Other  successful  injector 
designs  include  poppet-type  injectors  which  allov/  injector -face  oxidizer 
shutoff,  a  dual  manifold  injector  which  permits  dual  thrust  operation,  and 
regeneratively  cooled  multiple  stream  injectors  which  operate  fully  exposed 
to  the  combustion  chamber  environment. 

(C)  Fuel  system  studies  were  conducted  with  a  fuel  containing  50%  THA 
and  50%  binder  which,  because  of  its  pressure-sensitive  behavior,  showed 
promise  as  a  substitute  for  the  Li/LiH/binder  fuel  system.  In  scaling  from 
laboratory  to  5,  0-in,  motors  itbecame  apparent  that  the  pressure  sensitivity 
is  reduced  by  many  motor  and  operating  parameters.  Thus,  the  usefulness 
of  pressure  sensitivity  to  control  mixture  ratio  during  throttling  would  be 
limited  without  considerable  additional  study.  Therefore,  further  work  on 
the  development  of  a  throttleable  motor  was  conducted  using  the  nonpressure 
sensitive  Li/LiH  fuel  system. 

(C)  A  thrust  control  system  that  includes  a  thrust  control  valve,  an  oxi¬ 
dizer  flow-divider  valve,  and  a  control  network  has  been  designed  and  suc¬ 
cessfully  tested.  This  system  distributes  the  oxidizer  to  primary  and  aft 
injectors  in  uuch  a  manner  as  to  produce  a  50:1  throttling  ratio. 


iii 
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(C)  Formulations  studies  have  rarulted  in  the  selection  of  a  potential  pre¬ 
packaged  hybrid  propellant  system  that  consists  of  ClFj^  and  a  fuel  containing 
triaminoguanidine  azide  (TAZ)  or  tetraformaltrisazine  (TFTA),  boron  or 
aluminum,  ammonium  perchlorate,  and  a  binder.  This  propellant  system 
was  selected  because  it  has  high  theoretical  specific  and  density  impulse 
levels.  Processing  studies  have  produced  castable  blends  of  the  four  com¬ 
ponents  with  solid  loadings  as  high  as  80%b 

(C)  Fifty-six  3,5-in.  motor  tests  were  conducted  using  CIF3  to  evaluate 
and  screen  the  fuel  systems.  Forty  5,  0-in,  motor  tests  were  conducted 
with  five  fuel  blends  using  the  components  previously  mentioned.  These 
tests  evaluated  the  regression  characteristics  of  pelletized  and  homogeneous 
fuel  blends  and  demonstrated  the  feasibility  of  pelletized  nons'istaining  hybrid 
fuel  grains. 

(C)  In  addition,  a  fuel  containing  35%  TFTA,  20%  aluminum,  15%  AP,  and 
30%  binder  was  used  in  six  12-in.  motor  tests,  delivering  up  to  95%  of  the 
theoretical  specific  impulse.  Two  tests  were  conducted  with  this  fuel  for 
durations  of  30  sec  using  an  oxidizer  consisting  of  18%C103F  and  72%  CIF3, 
Another  motor  was  tested  and  restarted  three  times  using  CIF3  as  the 
oxidizer, 

(U)  Piiblication  of  this  Technical  Documentary  Report  does  not  constitute 
Air  Force  approval  of  the  report's  findings  or  conclusions.  It  is  published 
only  for  the  exchange  and  stimulation  of  ideas. 

(U)  Catalog  cards  wich  an  unclassified  abstract  may  be  found  in  the  back 
of  this  document. 
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Nozzle  throat  area 
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1.  0  THROTTLING  STUDIES  -  HIGH-ENERGY  PROPELLANTS  (PHASE  I) 

(C)  Original  program  objectives  included  the  development  of  a  5  000 -lb 
thrust  hybrid  motor  capable  of  delivering  a  specific  impulse  in  excess  of 
300  sec  (1000/14,  7)  with  space -storable  propellants,  a  full  thrust  duration 
of  20  sec,  start-stop-restart  operation,  and  thrust  modulation  over  the 
widest  possible  range.  A  goal  of  50:1  throttling  ratio  was  set  with  an  objec¬ 
tive  of  achieving  a  ratio  of  at  least  12:1. 

(C)  Throttling  studies  were  complet  i  using  a  propellant  system  consisting 
of  F2  f  1/2  O2  (FLOX)  and  the  25%  lithium,  10%  lithium  hydride,  65%  hydro¬ 
carbon  binder  fuel.  The  studies  have  included  pressure-sensitive  fuel 
investigation,  injector  development,  control  system  development,  and 
throttleable  motor  development  tests. 

(U)  As  a  result  of  these  studies,  a  lightweight  5C00-lb  thrust  filament- 
wound  hybrid  test  motor  has  been  developed  which  demonstrated  throttling 
ratios  in  excess  of  13:1,  was  fired  for  individual  test  durations  of  60  sec 
and  cumulative  durations  of  90  sec,  and  demonstrated  its  restart  capability 
on  several  occasions.  The  motor  has  demonstrated  a  high  level  of  per¬ 
formance  in  eleven  tests  and  has  provided  substantial  qualitative  design 
data  that  can  now  be  incorporated  into  flightweight  motor  designs  It  is 
left  to  subsequent  programs  to  statistically  evaluate  motor  performance 
and  demonstrate  fuel  utilization  in  multiple  tests  of  flight  configuration 
motors, 

(C)  Two  fuel  systems  were  evaluated  for  use  with  OF2,  representing  two 
concepts  in  throttleable  hybrid  motors.  The  Li/LiH/binder  fuel  requires 
that  oxidizer  be  injected  at  the  aft  end  of  the  motor  to  maintain  optimum 
mixture  ratio  during  throttled  operation.  The  second  fuel  system  contains 
a  presEure-sensitive  additive,  THA,  which  had  the  potential  for  producing 
a  linear  fuel/oxidizer  flow  relationship,  thereby  eliminating  the  need  for 
aft  injection.  When  the  pressure-sensitive  fuel  system  proved  unsuccess¬ 
ful,  the  throttleable  motor  studies  were  completed  using  the  Li/LiH/binder 
fuel  system. 

1.  1  PRESSURE -SENSITIVE  FUELS 

(C)  A  t.ew  famil)  of  hybrid  fuels  were  investigated  as  a  possible  substitute 
for  the  Li/LiH/binder  fuel  system.  The  fuels  consist  of  various  blends  of 
binder  and  TAZ  or  its  double  salt,  THA.  These  fuels  were  of  interest 
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hacsLuae,  under  certain  conditions,  they  show  a  pronounced  regression  rate 
dependency  on  combustion  chamber  pressure.  The  implications  of  this 
pressure  effect  include  the  possible  development  of  a  hybrid  fuel  system 
which  does  not  require  aft-end  injection  of  oxidizer  to  maintain  an  optimum 
mixture  ratio  during  throttled  operation. 

(C)  It  can  be  shown  (see  appendix  1)  that  if  the  fuel  regression  rate  is 
epxr eased  ly  the  anticipated  (orm 


(1) 


where: 

r  =  regression  rate  (in.  /cec) 
a  =  constant 

=  oxidizer  mass  flux.  (Ib/sec-in. ) 

=  combustion  chamber  pressure  (psi) 
n  =  oxidizer  mass  flux  exponent 
m  s  pressure  sensitivity, 

a  constant  oxidizer/fuel  (O/F)  ratio  can  be  maintained  if  the  sum  of  the 
exponents  (m  -I-  n)  equal  1.  0. 

(C)  The  lithium  fuel  has  an  exponent,  n,  equal  to  0.  5  and  laboratory 
motor  data  obtained  from  fuels  containing  50%  THA  and  50%  binder  pro¬ 
duced  pressure  exponents  (m)  nearly  equal  to  0.  5.  A  fuel  system  possess¬ 
ing  a  combination  of  exponents  equal  to  these  would  produce  the  desired 
effect. 

(C)  Both  fuel  systems  deliver  a  high  specific  impulse  with  oxygen  difluo¬ 
ride  (OF2)  s-nd  are  {>otentially  suitable  for  space  applications.  As  shown 
in  figure  1,  the  theoretical  specific  impulse  of  the  lithium  fuel  system  with 
OF2  is  345  sec  (1000/ 14.  7)  as  compared  to  341  sec  for  the  50%THA/50%  binder 
fuel.  In  a  full-scale  motor,  the  slightly  lower  performance  would  be  offset 
by  simplification  of  the  oxidizer  distribution  system,  elimination  of  aft 
injectors,  and  flow  control  valves. 
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Figure  1,  (U)  Theoretical  Performance  of  Space  Storable 

Hybrid  Propellants 

(U)  Two  motor  sizes  were  used  in  the  evaluation  of  pressure-sensitive 
fuels:  the  laboratory  survey  motor  shown  in  figure  2  and  the  5.  0-in.  motor 
shown  in  figure  3.  Laboratory  survey  motors  were  used  to  screen  fuel 
samples  for  effects  of  variation  in  formulation  and  chamber  pressure  on 
grain  regression.  The  5.  0-in.  -diameter  oubscale  motors  were  used  with 
2.  0-in,  port  fuel  grains  to  obtain  data  to  develop  the  empirical  relations 
that  characterize  the  fuels. 

(C)  Preliminary  data  were  initially  obtained  in  a  UTC-sponsored  program 
in  which  laboratory  survey  motor  tests  were  used  to  determine  average 
regression  rate  as  a  function  of  pressure  for  various  percentages  of  THA 
and  TAZ  at  a  constant  oxidizer  mass  flux  of  0.270  Ib/sec-in.^  Figures  4 
and  5  indicate  this  relative  sensitivity  by  the  slope  os  the  curves.  From 
these  curves  it  is  apparent  that  the  fuel  system  may  be  altered  to  obtain 
the  pressure  exponent  desired.  However,  these  average  regression-rate 
data  are  obtained  from  small  motors  with  short  firing  durations  (up  to 
4  sec)  and  are  indicative  of  relative  effects  only.  Studies  conducted  in  the 
laboratory  survey  motors  on  this  program  yielded  pressure  exponents  (m) 
equal  to  0.  46  in  tests  using  gaseous  oxygen  as  oxidizer.  An  exponent  of 
0,46  i;:  an  extremely  useful  degree  of  pressure  sensitivity  if  coupled  with 
a  high  mass  flux  exponent  (n).  However,  5.  0-in,  motor  tests  conducted 
with  FLOX  resulted  in  a  negligible  pressure  exponent.  Further  testing 
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igure  3.  (U)  5.  0-In.  Hybrid  Test  Mol, 
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Figure  4.  (U)  Regresrion  Rate  as  a  Function  of 

Chamber  Pressure  for  Fuels  with  THA 
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Figure  5.  (U)  Regression  Rate  as  a  Function  of 

Chamber  Pressure  for  TAZ -Containing  Fuels 
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with  liquid  oxygen  instead  of  FLOX  yielded  an  exponent  of  0.  39.  implying 
that  oxygen  concentration  in  the  oxidizer  may  be  a  significant  parameter. 
Further  tests  in  5.  0-in.  motors  also  demonstrated  that  motor  dimensions 
play  a  significant  part.  The  results  indicated  that  additional  fundamental 
work  was  needed  before  TAZ  and  THA  fuels  could  be  used  in  full-scale 
motors.  The  investigation  was  therefore  discontinued. 


Laboratory  Motor  Studies 


(C)  Laboratory  survey  motor  studir^G  have  demonstrated  a  high  degree  of 
pressure  sensitivity  with  fv^els  contal  'ing  50%  THA  and  50%  polybutadiene. 
These  studies  were  conducted  to  verify  the  test  results  obtained  under  a 
program  sponsored  by  UTC  becav.se  these  tests  showed  a  definite  pressure - 
sensitive  effect  that  was  not  present  in  previous  5.  0-in.  motor  tests  with 
a  similar  fuel  formulation.  (The  results  of  these  5 -in.  motor  tests  are 
discussed  in  paragraph  1. 12. ) 


(C)  Twenty-four  additional  survey  motor  tests  were  conducted  during 
this  study  to  determine  accurately  the  degree  of  pressure  sensitivity  of  the 
50%  THA  fuel  system  and  to  investigate  possible  motor  size  effects  indicated 
by  differences  between  the  survey  motor  data  and  the  5. 0-in.  motor  data. 
Fifteen  survey  motor  tests  were  conducted  with  the  50%  THA/50%  binder 
fuel  and  gaseous  oxygen.  The  gaseous  oxygen  flow  rate  was  held  constant 
at  0.  12  Ib/sec  and  chamber  pressure  and  test  durations  were  varied  to 
obtain  curves  of  port  radius  as  a  function  of  burning  time  and  chamber 
pressures. 


(U)  The  results  of  laboratory  survey  motor  tests,  shown  in  figure  6,  dis¬ 
close  a  definite  pressure  effect  in  this  size  motor.  Regression  rate  is 
essentially  constant  to  a  burned  radius  of  approximately  0.  575  in.  The 
curve  of  regression  rate  versus  chamber  pressure,  shown  in  figure  7,  is 
taken  from  tlie  initial  slopes  of  the  curves  in  figure  6.  Included  on  this 
curve  are  some  of  the  data  points  obtained  in  the  initial  screening  tests  of 
THA  fuels.  The^e  data  would  indicate  that  if  the  regression  behavior  ia 
expressed  by  an  equation  of  the  form  ^ 


r 


then  the  value  of  m  is  approximately  0.  46,  which  i*  a  useful  degree  of 
pressure  sensitivity. 
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Figure  6.  (U)  Regression  Behavior  of  Pressure  Sensitive 

Fuel  in  Survey  Motor 
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Figure  7.  (U)  Initial  Regression  Rate  of  Pressure-Sensitive 

Fuel  in  Survey  Motor 
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(U)  Additional  tests,  which  were  conducted  in  the  survey  motor  using  the 
conventional  lithium  composite  fuel  system,  indicated  that  only  a  minor 
degree  of  pressure  sensitivity  can  be  expected  in  typical  conventional  fuels. 
The  data  taken  from  the  survey  motor  with  the  lithium  fuel  system  agree 
exactly  with  the  established  regression  rate  equation  for  the  lithium  fuel 
system.  These  data  are  presented  in  figure  8.  A  pressure  exponent,  m, 
of  approximately  0.  09  is  obtained  for  this  fuel  when  data  from  tests  with 
equal  durations  are  plotted  as  a  function  of  chamber  pressure  (figure  9). 

The  pressure  sensitivity  of  the  lithium  system  is  not  considered  to  be  sig¬ 
nificant  enough  to  influence  grain  design. 

1.  1.  2  5.0-In.  Motor  Studies 

(C)  The  50%THA/50%  binder  fuel  was  characterized  in  a  series  of  thirty- 
two  5.  0-in.  motor  tests  summarized  in  table  I,  appendix  V.  Twenty-four 
tests  were  conducted  with  FLOX  to  characterize  the  fuel  system.  The 
motors  were  tested  at  various  combinations  of  oxidizer  flow  rate  and  cham¬ 
ber  pressures  ‘•o  determine  the  regression  rate  sensitivity  to  pressure  and 
oxidizer  m?ss  flu.x. 

(U)  Fuel  regression  probes  were  used  to  record  the  passing  of  burning 
fuel  surface.  The  probes  were  located  at  various  depths  so  that  a  history 
of  the  fuel  grain  surface  could  be  obtained  as  a  function  of  burning  time. 

(U)  Two  methods  v/ere  used  to  determine  the  pressure  sensitivity  of  the 
fuel  system.  The  first  methoa  consisted  of  determining  the  average  regres¬ 
sion  rate  for  each  of  several  firings  conducted  with  identical  oxidizer  flow 
rates  and  varying  chamber  pressures.  These  average  rates  were  then 
plotted  as  a  function  of  pressure  and  the  pressure  exponent  determined 
from  the  slope  of  this  curve  ^figure  10).  An  exponent  of  0,  11  was  obtained, 
indicating  a  negligible  degr  i  of  pressure  sensitivity. 

(U)  The  second  method  involved  the  use  of  the  regression  probe  data  from 
a  series  of  motor  firings  in  which  both  chamber  pressure  and  oxidizer  flow 
rate  vary.  The  probe  data  and  other  test  parameterG  arc  fit  to  an  aulici paled 
regression  rata  equation  o:!  the  form 


r 


’  10 
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Figure  8.  (U)  Regression  Behavior  of  Li/LiH/Binder  Fuel 

in  Survey  Motor 
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Figure  9.  (U)  Regression  Rate  as  a  Function  of  Chamber  Pressure  for 

Conventional  Fuel  in  Survey  Motor  Tests 
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(U)  From  the  data  obtained  from  the  initial  16  tests  the  regression 
behavior  was  expressed  by  the  equation 


•  «  ^  0.278 

r  =  0.  0572  P  G 
c  o 


(2!, 


whe  re: 

r  =  instantaneous  regression  rate. 

(U)  This  metliod  is  described  in  detail  in  appendix  II.  The  value  of  the 
pressure  exponent,  m,  lies  between  the  limits  of  0.  072  and  0.  145.  Because 
these  exponents  indicate  negligible  sensitivity,  further  refinement  of  data 
was  not  attempted.  The  pressure  exponents  obtained  by  both  methodfi  indi¬ 
cate  no  useful  pressure  effect. 

(U)  An  unexplained  difference  still  existed  between  the  5.  0-in.  motor 
data,  which  indicated  negligible  pressure  sensitivity,  and  the  initial  survey 
motor  data,  which  indicated  a  high  degree  of  pressure  sensitivity.  Twelve 
additional  tests  were  conducted  to  explain  the  discrepancy. 

(U)  The  first  four  tests  were  conducted  with  oxidizer  flow  rates  varying 
over  a  wide  range  (0.26  to  1.65  Ib/sec).  The  results,  presented  in  fig¬ 
ure  11,  indicate  reasonable  agreement  with  equation  2.  Better  agreement 
is  seen  between  the  actual  and  predicted  fuel  flow  rates  in  figure  12.  Because 
fuel  flow  rate  can  be  expressed  as  a  function  of  oxidizer  flow  rate  by  the 
proportionality 


w. 


.  m  +  n 
<x  w 

ox 


the  exponent  (0.42)  indicated  by  figure  12  compares  favorably  with  the  suni 
of  the  exponents  of  equation  2  (0.  388). 

(U)  The  second  series  of  four  tests  was  conducted  to  search  for  effects 
of  motor  size  upon  pressure  sensitivity.  The  motors  used  a  0.  75 -in.  fuel- 
port  diameter  and  oxidizer  flow  rates  equal  to  those  in  the  original  survey 
motor  tests.  The  firing  duration  was  varied  to  accurately  compare  the 
regression  behavior  for  a  0.  75-in.  port  diameter  with  that  for  a  2-in.  port 
diameter.  The  initial  regression  rates  reproduce  those  of  the  original 
survey  motor  tests  as  shown  in  ligure  13.  However,  the  regression  rate 
diminished  rapidly  after  reaching  a  port  diameter  of  approximately  1.  25  in. 
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Figure  12.  (U)  Fuel  Flow  Rate  versus  Oxidizer  Flow  Rate 

for  the  THA/Binder  Fuel 


Thereafter,  the  regression  rates  were  consistent  with  the  5.  0-in.  motor 
data.  The  data  validated  the  results  of  the  survey  motor  tests  and  estab¬ 
lished  the  existence  of  a  port  size  effect  upon  pressure  sensitivity. 


(U)  The  final  series  of  four  tests  were  conducted  to  determine  the  effects 
of  the  oxidizer  composition  and  state  upon  pressure  sensitivity.  The 
original  survey  motor  tests  were  made  with  gaseous  oxygen  and  the  5.  0-in. 
motor  tests  used  the  cryogenic  FLOX  mixture.  These  four  tests  were  con¬ 
ducted  at  identical  oxidizer  flow  rates  using  liquid  oxygen  (LOX)  as  the 
oxidizer.  Examination  of  the  data  disclosed  a  high  degree  of  pressure 
sensitivity.  The  data  yielded  regression  rates  which  correlate  closely 
with  che  equation 


r  =  0,  0081  P  G 
c  o 


(3) 


(U)  Since  the  only  change  between  these  tests  and  those  indicating  negligible 
sensitivity  was  the  substitution  of  LOX  for  the  standard  FLOX  mixture,  it 
is  implied  that  oxidizer  composition  has  some  effect  upon  pressure  sensi¬ 
tivity.  It  appeared  that  further  investigation  would  depend  upon  use  of  LOX, 
which  is  not  space  storable  and  would  not  yield  results  in  time  for  final  full- 
scale  motor  tests;  consequently,  the  investigation  was  terminated  and  the 
full-scale  motor  design  was  based  upon  the  HFX  2084  fuel  system. 
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Figure  13.  (C)  Regression  Behavior  of  50%  THA/50%  Binder  Fuel 

in  Small-Port  Motor 
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1.2  INJECTOR  DEVELOPMENT 

(U)  Injector  design  studies  were  conducted  during  the  past  year  to  meet 
specific  requirements  associated  with  continuous  throttling  over  a  12:1 
thrust  range  (Phase  I),  and  step  throttling  over  a  2:1  range  (Phase  11), 

These  design  studies  have  resulted  in  the  development  of  an  aerated  injec¬ 
tor  that  maintains  a  uniform  oxidizer  distribution  over  thrust  ratios  of  at 
least  50:1  and  that  has  permitted  several  restarts  in  full-scale  motor  tests. 
The  studies  have  resulted  in  the  development  of  several  other  injector  con¬ 
cepts  applicable  to  dual-thrust  operation.  These  injector  designs  have  been 
evaluatedin  5.  0-in.  motor  tests  conducted  under  Contract  No.  AF  04(6 1 1 )- 10789 
and  have  led  directly  to  the  development  of  a  dual-thrust  injector  with  a  face - 
shutoff  capability.  The  studies  have  also  resulted  in  the  elimination  of 
injector  shielding  and  reduction  in  the  weight  of  splash-block  systems, 
which  is  essential  for  flightweight  motor  development. 

(U)  Although  each  of  the  systems  being  considered  have  different  specific 
requirements,  the  development  problems  are  similar.  Basically,  the  prob¬ 
lem  is  to  design  an  injector  to  provide  an  oxidizer  spray  pattern  that  will 
result  in  uniform  fuel  regression  throughout  the  port  with  a  minimum  of 
heat  shielding. 

(U)  The  objective  of  that  portion  of  the  injector  development  program, 
which  is  related  to  Phase  I  of  this  contract,  is  to  deliver  a  satisfactory 
spray  pattern  as  the  oxidizer  is  throttled  over  a  thrust  ratio  of  50:1. 

(U)  To  achieve  a  throttling  ratio  of  12:1,  as  wae  done  in  Phase  I,  the  oxi¬ 
dizer  flow  ratio  at  the  primary  injector  must  vary  by  the  square  of  the 
throttling  ratio,  or  144:1.  The  injector  pressure  drop  varies  with  the 
square  of  the  flow  rate  with  a  fixed-area  injector;  therefore,  some  supple¬ 
mentary  means  must  be  used  to  maintain  adequate  injection  velocity. 

(U)  The  requirements  of  typical  advancea  cactical  missile  designs  include 
two  thrust  levels,  boost  and  sustain,  of  approximately  a  2:1  ratio.  Using 
typical  hybrid  pronellrintB ,  the  ratio  of  boost  to  sustain  oxidizer  flow  rales 
would  be  approximately  4:1.  With  conventional  injectors,  this  would  result 
in  a  16:1  change  in  injector  pressure  drop.  Such  a  change  would  result 
either  in  deterioration  of  the  spray  pattern  at  lov/  flow  rates  or  excessive 
tank  pressures  at  the  high  flow  rate. 

(U)  Restarting  hybrid  motors  using  aft  injection  also  presentu  a  prutlcin 
in  phasing  the  oxidizer  distribution  to  prevent  back  flow  of  fuel  vapors  a"! 
subsequent  injector  failure  as  a  result  of  reaction  with  the  oxidizer  when 
oxidizer  flow  in  one  injector  may  lead  the  other. 

(U)  The  injector  development  program  discussed  in  the  following  para¬ 
graphs  has  solved  these  and  other  development  problems. 
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1,2,1  Hollow-Cone  Injectors 

(U)  The  hollow-cone  injector  design  has  been  used  almost  exclusively  for 
investigating  hybrid  internal  ballistics  and  performance  during  this  program 
because  of  its  simple  and  inexpensive  design.  However,  the  hollow-cone 
injector  has  two  undesirable  qualities  which  tend  to  inhibit  its  potential  for 
use  on  a  prototype  motor.  In  its  present  configuration,  shown  in  figu  a  14, 
this  type  of  injector  requires  both  a  graphite  shield  to  protect  it  from  the 
intense  radiant  heat  source  in  the  combustion  chamber  and  a  splash  block 
to  absorb  the  radial  component  of  oxidizer  momentum.  At  nominal  flow 
rates  the  injector  produces  unif'/rm  fuel  utilization  as  shown  in  figure  If;  ; 
however,  a  fuel-grain  tapering  effect  has  been  observed  at  oxidizer  mas,^ 
fluxes  (Go)  of  less  than  0,  05  Ib/sec-in.^,  such  as  those  which  would  be 
encountered  in  deep  throttling.  This  grain  tapering  effect  is  illustrated  in 
figure  16.  The  injector  development  program  was  initiated  to  study  these 
problems  and  to  determine  the  injector  design  best  suited  to  meet  the  objec¬ 
tives  of  this  program. 

(U)  The  elimination  of  the  injector  splash  block  is  desirable  from  the 
standpoint  of  reducing  motor  weight.  With  a  hollow-cone  injector,  the 
consumption  rate  of  a  splash  block  is  almost  independent  of  oxidizer  flow 
rates,  which  means  that  at  low  thrust  levels  the  splash  block  can  be  con¬ 
sumed  long  before  the  fuel,  thus  limiting  the  motor  firing  duration.  There¬ 
fore,  practical  hybrid  motor  design  requires  that  the  splash  block  be 
eliminated.  There  are  two  possible  methods  of  eliminating  the  excessive 
splash  block  erosion:  reduction  in  cone  angle  to  reduce  the  radial  momen¬ 
tum  of  the  oxidizer,  or  use  of  an  alternative  oxidizer  spray  pattern.  Test 
firings  were  conducted  with  hollow-cone  injectors  having  spray  cone  angles 
of  20®,  30®,  and  40®  to  determine  the  effect  of  spray  cone  angle  on  grain 
regression  profile.  All  tests  were  conducted  at  an  oxidizer  mass  flux  (Gq) 
of  0,  15  Ib/inf-sec.  As  can  be  seen  in  figure  17,  the  direction  of  taper  was 
reversed  between  oxidizer  spray  cone  angles  of  40®  and  20®,  with  regression 
almost  uniform  at  a  30®  spray  cone  angle.  This  demonstrates  that  uneven 
regression  obtained  at  low  oxidizer  mass  flux  can  be  controlled  by  proper 
iniftctnr  and  fbai-  the  effect  of  the  injector  upon  fuel  regression  is 

not  necessarily  restricted  to  the  head  end  of  the  grain. 

(U)  Experience  had  shown  that  an  injector  heat  shield  was  required  to 
permit  survival  of  injectors  in  the  inlrr:,se  combustion  chamber  environment. 

'  It  was  also  observed  that  a  splash  block  was  required  to  prevent  nonuniform 
fuel  utilization  resulting  from  direct  impingement  of  oxidizer  on  the  fuel, 

‘  Because  of  the  desirability  of  retaining  the  relatively  simple  hollow-cone 
injector,  emphasis  was  placed  on  reducing  the  heat  shield  and  splash  block 
requirements.  Some  shielding  is  still  required,  but  the  total  weight  of  the 
full-scale  motor  injector  heat  shield  has  been  reduced  to  an  insignificant 
amount.  Figures  18  and  19  show  relative  size  of  the  heat  shields  for  the 
full-scale  hollow-cone  injectors. 
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Figure  17,  (U)  Effect  of  Oxidizer  Spray-Cone  Angle  on 

f  uel  Grain  Regression 

1.  2.  2  Aeration 

(U)  Aeration  provides  a  means  of  maintaining  the  injector  spray  pattern 
at  the  very  low  oxidizer  flow  rates  encountered  when  throttling  over  a  ratio 
of  more  than  3:1.  Aeration  consists  of  injecting  a  gas,  usually  helium, 
into  the  oxidizer  feed  system  at  the  injectors  to  maintain  a  high  volumetric 
flow  through  the  injector.  The  resulting  spray  pattern  remains  intact  and 
finely  atomized  over  turndown  ratios  of  100:1. 

(U)  Two  series  of  aeration  tests  were  conducted  with  the  injector  shown 
in  figure  14  to  determine  minimum  helium  flow  requirements.  The  initial 
tests  used  water  to  simulate  the  FLOX  and  nrovided  c'lreory  data  cn  helium 
flow  requirements  and  the  properties  of  the  resulting  spray  patterns.  The 
data  was  refined  in  the  second  test  series  using  LOX  to  simulate  FLOX. 

(U)  The  second  test  series  v'as  required  because  the  effect  of  a  cryogenic 
injectant  upon  helium  requirements  and  the  effects  of  vaporization  upon  the 
resulting  spray  pattern  were  far  from  negligible.  Two  opposing  effects 
were  observed:  the  decreased  effectiveness  of  a  given  quantity  of  helium 
due  to  the  cooling  effect  of  the  oxidizer  and  the  augmentation  effects  resulting 
from  vaporization  of  the  oxidizer  during  injection.  The  net  change  in  helium 
requirements  was  minimal. 
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(U)  The  water  flow  tests  (figure  20)  indicated  that  a  suitable  spray  pattern 
is  maintained  over  the  entire  range  of  simulated  oxidizer  and  helium  flow 
rates  and  that  at  injector  pressure  differentials  under  5  psi,  the  pattern 
begins  to  deteriorate. 

(U)  In  the  tests  with  liquid  ox>gen,  the  spray  pattern  is  improved  at  low 
oxidizer  flow  rates,  presumably  because  of  the  additional  benefit  of  vapor¬ 
izing  liquid  oxygen.  Calculations  indicated  that  a  25%  increase  in  gas  flow 
effectiveness  may  result  from  oxygen  vaporization.  Figure  21  compares 
the  liquid  oxygen  tests  with  water  flow  tests  and  shows  the  improvement  in 
injector  spray  pattern  observed  with  liquid  oxygen.  Figure  22  illustrates 
the  departure  of  liquid  oxygen  pressure  differentials  from  water  flow  data. 

The  increased  effectiveness  with  L>OX  is  evident,  and  additional  data  points 
with  LOX  flow  rates  in  the  vicinity  of  0.  1  Ib/sec  indicated  that  a  higher 
Injection  pressure  drop  occurs.  The  closer  correlation  of  LOX  and  water 
flow  data  is  evident  at  higher  flow  rates. 

(U)  The  results  of  the  cold  flow  tests  were  verified  later  in  full-scale 
motor  tests  when  a  5000-lb-thrust  motor  was  throttled  to  380  lb  thrust, 
£ssen(:ially,  no  injector  pressure  drop  (»  2  psi)  existed,  and  yet  stable 
combustion  and  uniform  cross-sectional  regression  behavior  was  obtained. 
The  resui''.s  of  these  tests  indicate  that  the  aeration  concept  is  feasible. 
However,  individual  mission  analyses  must  be  used  to  determine  the  rela¬ 
tive  merits  of  aeraticn  in  specific  propulsion  systems. 

1.  2.  3  Sub^cale  Aeration  Motor  Tests 

(U)  Standard  70*  hollow-cone  and  oolid-cone  injectors  were  designed  and 
fabricated  for  use  in  subscale  aeration  tests.  The  injectors  were  designed 
for  a  full-thrust  flow  rate  of  2  Ib/sec,  and  were  designed  to  be  throttled 
to  0,  02  Ib/sej  by  line  throttling,  using  aeration  to  maintain  injection  velocity. 
The  hollow-cone  and  solid-cone  injector  designs  are  shown  in  figures  23 
and  24. 

(U)  A  ecxica  ux  five  firings  were  made  with  the  aexated  hollow-cone 
injector.  The  fi-^st  four  firings  were  made  at  an  oxidizer  mass  flux  of 
0.064  Ib/inI'-sec,  corresponding  to  about  30%  at  full  thrust.  Helium  flow 
supplied  to  the  aeration  system  was  diminished  and  grain  effects  were 
noted.  Figure  25  shows  three  typical  fuel  grains  sectioned  after  firing. 
Figure  26  shows  the  effect  of  helium  flow  on  uniformity  of  grain  regression. 

A  marked  improvement  in  uniformity  of  regression  is  evident  as  helium 
flow  is  diminished.  Helium  flows  were  varied  between  0.  011  and  0.  001  Ib/sec 
for  these  firings,  corresponding  to  0.7  and  0.  1%  of  the  full-thrust  oxidizer 
flow  rates.  Helium  flows  below  0.001  Ib/sec  could  not  be  used  withou.t  loss 
of  measurable  pressure  drop  across  the  injector.  Minimum  injector  pres¬ 
sure  drops  used  were  approximately  2  psi.  An  additional  test  was  made  at 
an  oxidizer  mass  flux  of  0.  006  Ib/inf-sec  (corresponding  to  10%  thrust). 
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Figure  20.  (U)  Cold-Flow  Aeration  Test  Using  Water  (Sheet  i  of  2) 
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Figure  20.  (U)  Cold-Flow  Aeration  Test  Uiing  Water  (Sheet  2  of  2) 
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Figure  21.  (U)  Cold-Flow  Aeration  Tests  Using  LOX 
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Figure  22.  (U)  Comparik;on  of  LOX  and  Water  Flow  Aeration  Tests 
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Figure  26.  (U)  Effect  of  Helium  Aeration  Flow  Rate  on 

Fuel  Grain  Tapering 


(U)  Three  firings  were  made  with  r,  solid-cone  injector  with  a  75"  spray- 
co’.e  angle.  The  first  firing,  made  at  full  thrust  (Gq  =  0.  6  lb/in?-sec) 
indicated  a  marked  improvement  over  the  conventional  hollow-cone  design. 
Further  investigations  were  made  at  -educed  thrust  (approximately  10%) 
to  obtain  a  meaningful  comparison  of  solid-con?  injector  performance. 
Aeration  was  used  to  maintain  injector  pressure  drop  and  good  atomization, 
with  chosen  helium  and  oxidizer  flows  duplicating  conditions  of  the  aerated 
iiollow-cone  injector  tests  described  above.  Postfire  grain  measurements 
indicate  that  the  solid-cone  injection  pattern  provides  a  more  uniform 
regression  profile  than  the  hollow-cone  pattern.  Figure  27  shows  chre  ; 
sectioned  fuel  grains  obtained  from  this  test  series. 

(U)  A  comparison  of  aerated  hollow-cone  ^.nd  solid-cone  patterns  at 
minimum  thrust  (Gq  =  0.  006  Ib/in!  -sec)  indicates  that  the  effects  of  excess 
fuel  (approximately  five  times  the  oxidizer  flow)  have  completely  elimiirated 
injector  effects.  The  absence  of  any  appreciable  regression  rate  at  the  aft 
end  of  the  grain  indicates  that  with  this  fS"  spray-cone  angle,  essentiall-y 
no  oxidizer  was  available  to  the  grain  at  this  point.  This  lack  of  oxidizer, 
cotipled  with  tl.e  low  gpj  temperature  ai  the  exit  of  the  grain,  caused  the 
cift-end  regression  rate  to  lag  far  behiiio  the  hc?d-e.nd  regression  rate 
(figure  27  bottom  photo). 
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Figure  27-  (U)  Typical  F\iel  Grain  Profiles  After 

Firing  with  Solid-Cone  Injector 
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1.2,  4  Regenerative -Cooled  Injectors 

(U)  Two  regene r&tively- cooled  aubecale  injectors  were  tested  to  prove 
feasibility  of  an  injector  design  with  a  predominately  axial  flow  requiring 
no  shielding  or  splash  block. 

(U)  An  impinging-strearrs  injector  shown  in  figure  28  and  a  showerhead 
injector  shown  in  figure  29,  were  both  fabricated  of  OFHC  copper.  The 
spray  pattern  of  the  injector  is  shown  in  figure  30.  Both  injectors  were 
tested  in  5.0-in.  motors  for  durations  of  15  sec  at  flow  rates  of  2.  0  Ib/sec. 
Both  injectors  failed  after  a  duration  of  2  sec.  The  failure  resulted  in  a 
localized  burnthrough  that  occurred  in  a  poorly  cooled  section  near  the 
edge  of  the  injector  face.  (See  figure  31. )  In  both  cases  the  injectors  con¬ 
tinued  to  operate  for  the  entire  duration  (15  sec)  without  further  damage. 

The  fuel  grain  fired  with  the  showerhead  injector  is  shown  in  figure  32. 

(i>)  The  concept  of  a  regeneratively  cooled  injector  was  attractive;  there¬ 
fore,  the  manifolding  within  the  injector  was  redesigned  to  eliminate  the 
hot  spot,  and  another  injector  was  fcibricated.  The  modified  design  utilized 
a  6061-T6  aluminum  body  and  face  vath  a  0.  00 15 -in.  -thick  hard  anodized 
coating  on  the  face  to  increase  the  melting  temperature  of  the  surface. 

Again,  no  splash  block  or  shielding  was  used.  The  modified  injector  was 
successfully  tested  under  Contract  No.  AF  04(61 1)- 10789  in  a  10-sec  test 
with  an  oxidizer  (FLOX)  flow  rate  of  2.  0  Ib/sec  and  a  pressure  drop  of 
50  psi.  No  face  erosion  or  deterioration  was  observed.  With  feasibility 
demonstrated,  further  dev'clopment  was  discontinued  because  other  injector 
designs  described  in  the  following  paragraphs  can  better  accomplish  the 
dual  thrust  requirements  of  Phase  II  of  this  program.  Because  the  design 
can  provide  uniform  axial  flow  of  oxidizer  without  shielding  and  can  be 
aerated  to  allow  throttling,  it  has  application  in  fixed-thrust  hybrids  and 
hybrid  propulsion  systems  requiring  continuous  throttling. 

1.2.5  Variable-Area  Injectors 

(U)  Variable-area  injector  rfeaign*  provide  the  only  practical  alternative 
to  aeration  of  fixed-area  injectors  for  use  in  high  throttle -ratio  applications. 
To  provide  a  variable  oxidizer  flow  rate  over  a  thrust  ratio  in  excess  of  3:  1 
(without  aeration),  it  is  necessary  to  vary  the  discharge  area  of  the  injection 
port  to'  nnaintain  adequate  injection  velocity. 

(U)  Two  types  of  variable-area  injectors  have  been  designed:  the  variable- 
area  hollow-cone  injector  (figure  33)  and  movable -poppet  injector  (figure  34). 
Both  injector;,  can  be  hydraulically  or  mechanically  operated  to  control 
oxidizer  flow. 
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Figure  Z9.  (U)  Showerhead  Injector 
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(U)  Showeriiead  Injector  After  iest 


Figure  32.  (U)  Grain  Fired  with  Showerhead  Injector 


(U)  The  hollow-cone  injector  was  designed  with  a  dual  purpose:  to  inves¬ 
tigate  the  feasibility  of  injector  face  throttling  and  to  determine  the  effects 
of  spray-  cone  angle  on  fuel  regression.  This  injector  consists  of  an  impeller 
pintle  assembly  and  an  injector  body.  The  flow  rate  through  the  injector  is 
controlled  by  injection  port  area  which,  in  turn,  is  controlled  by  the  axial 
position  of  the  pintle.  The  included  cingle  of  the  conical  spray  can  be  varied 
by  proper  choice,  of  impeller  slot  and  injection  port  areas  as  shown  in 
figure  35.  Thus,  for  any  chosen  impeller  area,  the  included  angle  of  the 
conical  spray  is  at  some  maximum  VcQue  (usucdly  75°)  at  full  thrust,  and  is 
reduced  by  throttling.  It  is,  therefore,  possible  to  counteract  tapering  of 
the  fuel  grain  at  low  oxidizer  flow  rates  by  reducing  the  spray- cone  angle 
at  low  thrust. 

(U)  The  variable  hollow-cone  was  successfully  tested  in  three  5.  0-in. 
motor  firings  with  durations  up  to  20  sec. 

(U)  The  second  variable -area  iniector  employs  a  movable  poppet  to  con¬ 
trol  injectioi'.  port  area  and  a  contoured  nozzle  to  direct  the  flow  parallel 
to  the  surface  of  the  fuel  grain,  as  shown  in  figure  36.  T^is  injector  was 
also  tested  in  5.  0-in,.  motor  firings  with  durations  of  20  sec. 
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Figure  36.  (U)  Spray  Pattern  of  Variabli-Area  Poppet  Injector 


Figure  35  (U)  Injector  Spray-Cone  Angle 

as  a  Function  of  Injector  Orifice  Area 
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(  The  succeasful  test  of  the  poppet  injector  demonstrated  that  oxidizer. 
c^.  >led  external  surfaces  could  be  used  to  direct  the  spray  pattern  axially 
into  the  grain  port.  This  design  feature,  visible  in  figure  37,  We  '  incor. 
porated  in  subsequent  designs  which  completely  eliminate  the  splash  block 
and  shield. 

1.2.’  Poppet  Injectors 

(U)  Multiple  starts  have  frequently  been  demonstrated  on  full-scale  motors, 
but  a  small  helium  purge  has  always  been  used  at  shutdown  to  prevent  back- 
flow  of  fuel  rich  gases  into  the  oxidizer  manifold  and  injectors.  If  these 
vapors  are  allowed  to  enter  and  deposit  in  the  injector  port,  a  reaction 
between  the  deposits  and  the  oxidizer  at  restart  could  result  in  injector 
failure. 

(U)  The  necessity  of  purging  has  been  eliminated  by  a  poppet  valve  injec¬ 
tor  design  which  seals  a.  the  face  of  the  iujector  when  oxidizer  flow  is  ter¬ 
minated  by  upstream  valves.  Two  such  designs  have  been  completed:  the 
first  design  (figure  38)  is  a  simple  spring-loaded  poppet  valve  similar  to 
the  variable-area  poppet.  The  injector  spring  load  is  overcome  by  oxidizer 
injection  pressure  when  flow  is  initiated  by  upstream  control  valves,  and 
the  poppet  opens  against  a  stop,  preset  to  give  tl.e  required  port  area.  This 
particulai;  injector  is  not  designed  for  continuous  throttling.  However, 
this  poppet  design  and  the  design  discussed  in  the  following  paragraph  were 
combined  in  a  dual  manifold  poppet  injector  to  be  used  for  dual  thrust  opera¬ 
tion  with  the  new  storable  hybrid,  which  is  to  be  fired  under  Contract 
No.  AF  04(611)-10789. 

(U)  The  oxidizer  flow  and  injector  pressure  drop  are  adjustable  by  present 
stops  and  eliminate  any  tendency  toward  the  oscillating  action  typical  of 
spring-loaded  poppet  valves.  In  addition  to  providing  injector  protection 
at  restart  motor  shutoff,  the  injector  will  eliminate  ignition  phasing  prob¬ 
lems  between  primary  and  cift  oxidizer  injectors. 

(II)  The  poppet  injector  produces  a  radial  spray  fan  (figure  39)  and,  in 
this  form,  would  require  a  splash  block  to  absorb  the  radial  momentum. 
However,  previous  work  with  the  variable-area  poppet  injector  and  subse¬ 
quent  designs  indicate  that  the  radial  flow  can  be  turned  by  a  film-cooled 
metal  surface.  This  surface  is  machined  into  the  injector  body,  thereby 
eliminating  the  need  for  a  splash  block. 

(U)  The  second  injector  design  shown  in  figure  40  also  provides  oxidizer 
shutoff  at  the  injector  face.  In  this  design  a  greater  spring  force  is  used  to 
guarantee  positive  shutoff.  To  operate  the  injector  with  the  heavier  spring 
loads,  dynamic  fluid  pressures  assist  in  holding  the  valve  open.  The  injec¬ 
tor  also  Incorporates  fixed-area  drilled  orifices  to  coiitrol  the  oxidizer  flow. 
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Figure  39.  (U)  Spray  Pattern  of  Poppet  Injector 
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(U)  Both  injectors  have  been  tested  successfully,  the  former  under  this 
Contract  and  the  latter  under  Contract  No.  AF  04(6 1 1)- 10789.  The  concepts 
employed  on  both  are  being  used  in  a  dual  manifold  poppet  injector  being 
developed  under  Contract  No.  AF  04(61 1)-10789. 

:.  3  CONTROL  SYSTEM  DEVELOPMENT 

(U)  The  development  of  an  oxidizer  flow  control  system  was  undertaken 
on  Phase  I  of  this  program  to  provide  a  continuously  changing  distribution 
of  primary  and  aft  oxidizer  flow  rates  as  the  motor  is  throttled.  The  objec¬ 
tive  of  this  program  includes  the  achievement  of  a  throttling  ratio  oi  12:1 
with  a  long-range  goal  of  50:1. 

(C)  Because  the  flow  rate  of  the  selected  fuel  system’'^  varies  with  the 
square  o  '  the  primary  oxidizer**  flow  rate,  the  primary  rxidizer  flow 
must  be  varied  with  the  square  of  the  thrust  ratio.  To  maintain  a  constant 
mixture  ratio  duiing  throttling,  oxifiizer  must  then  be  injected  at  the  aft 
end  of  the  motor.  The  required  primary  and  aft  oxidizer  flow  rates  for  a 
5000-lb-thruet  motor  are  shown  as  a  function  of  motor  thrust  in  the  flow 
schedule,  figure  41.  Aft-end  oxidizer  flow  is  maintained  at  a  minimum  of 
1.  0  Ib/sec  at  full  thrust  to  provide  for  cooling  of  tlie  aft  injectors. 

(U)  The  practical  limit  of  flow  variation  in  fluid  flow  control  devices  is 
approximately  150:1,  and  is  determined  by  the  machining  tolerances  that 
can  be  used;  hence,  with  a  single  fluid  control  device  contiolling  the  pri¬ 
mary  oxidizer  flow  rate,  a  throttling  ratio  of  approximately  12:1  is  avail¬ 
able.  A  throttling  ratio  gcal  of  50:1  was  established;  therefore,  studies 
were  conducted  to  design  a  control  system  that  could  throttle  the  primary 
oxidizer  flow  rate  over  a  range  of  2500:1,  the  required  range  for  a  thrust 
ratio  of  50, 

(U)  A  preliminary  design  analysis  has  been  conducted  to  evaluate  several 
means  of  controlling  thrust  with  a  combined  forward  and  aft  injection  system. 
The  analysis  included  consideration  of  valve  location  in  the  circuit,  the  use 
of  fixed-area  injectors  with  aeration,  the  use  of  variable-area  injectors, 
and  the  use  of  constant  pressure-drop  injector  designs.  Figure  42  shows 
the  schematics  of  the  control  circuits  considered  and  rejected  in  favor  of 
hlie  systern  used  in  figure  43,  whicli  liab  been  tentatively  chosen  as  the  best 
control  system  with  respect  to  minimum  valve  turndown  ratio,  simplicity, 
and  accuracy. 


25%  lithium,  10%  lithium  hydride,  65%  binder 
OF2  or  FLOX,  70%  fluorine,  30%  oxygen 
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Figure  41.  (U)  Oxidizer  Flow  Rste  as  a  Function  of  Motor  Thrust 
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Figure  42.  (U)  Schematics  of  Control  Systems 
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(U)  The  systfi'.n  chosen  utilizes  a  main  oxidizer  flow  control  valve  to 
throttle  the  oxidizer  in  proportion  to  thrust,  a  flow  divider  valve  to  dis¬ 
tribute  the  oxidizer  according  to  the  schedule  shown  in  figure  41,  and  an 
electronic  network  with  a  flow'  schedule  function  generator,  which  would 
allow  continuous  throttling  on  command. 

(U)  The  control  system  selected  has  the  .‘olitwing  advantages: 

A.  Thrust  is  controlled  by  one  valve. 

B.  Nonlinear  aft -to -forward  flow  distribution  can  be  controlled 
by  a  single  flow -divider  valve  independently  of  the  main 
throttle  valve. 

C.  It  requires  the  lowest  valve  area  turndown  ratio  with  fixed 
area  injectors. 

D.  The  control  system  requires  only  two  feedback  signals  to 
control  thrust  and  flow  distribution. 

E.  The  choice  of  a  flow-divider  valve  eliminates  flow  distribu¬ 
tion  errors  caused  by  unprsdicted  errors  in  valve  pressure 
differentials  and  oxidizer  density. 

F.  The  primary  oxidizer  flow  ratio  that  exhibits  the  greatest 
variation  is  indirectly  controlled  and  is  not  used  for  feedback 
control. 

G.  The  system  can  be  used  with  either  fixed-area  or  spring- 
loaded  constant  pressure-drop  injectors  and  can  be  developed 
independently  of  the  final  injector  design. 

(U)  The  flow-control  valve  (figure  44)  is  a  pintle-type  valve  with  a  bellows 
for  the  pintle  shaft  sea’..  The  actuator  uses  three  rotary  torque  motors  to 
drive  the  pintle  thro  igh  a  ball-screw  aspembly.  The  flow-divider  valve 
(figure  45)  also  uses  a  bellows  shaft  seal  and  the  same  actuator  as  the 
main  control  valve.  Each  valve  will  weigh  approximately  5  lb. 

(U)  The  throttling  requirements  of  the  two  valves  are  shown  in  table  I  as 
a  function  of  thrust.  Both  valves  require  a  turndown  ratio  of  approximately 
50:1  to  obtain  the  flow  distribution  and  achieve  50:1  throttling  ratios. 

These  ratios  do  not  introduce  any  significant  fabrication  tolerance  problems. 
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TABLE  I 

OXIDIZER  FLOW-CONTROL  VALVE  REQUIREMENTS 


Thrust 

lb 

Throttling 

Ratio 

Main  Oxidizer 
Control  Ratio 

Flow  Divider 
Ratio 

Aft/ Primary 

5000 

1:1 

1:1 

0.  079:1 

2500 

2:1 

2:1 

1:1 

1000 

5:1 

5:1 

4.  4:1 

500 

10:1 

10:1 

9.8:1 

iOO 

60:1 

50:1 

40:1 

50 

100:1 

100:1 

106:1 

(U)  The  control  circuit  consists  of  two  control  loops,  one  for  controlling 
the  main  valve  and  one  controlling  flow  distribution.  Figure  46  shows  the 
chamber-pressure  control  system  planned  for  initiai  testing.  The  thrust- 
control  loop  Is  closed  around  chamber  pressure  and  its  error  sig-iai  is 
used  to  control  the  main  throttling  valve. 

(U)  The  flow-divider  valve  is  positioned  by  a  signal  from  a  function 
generator,  designed  to  match  the  flow  ratio  required  as  a  function  of  engine 
thrust. 

(U)  The  flow  divider  valve  control  system  can  use  either  valve  pojition 
feedback  or  the  aft-end  oxidizer  flow  rate  as  the  feedback  signal.  The 
former  method  should  provide  a  more  reliable  feedback  source  because, 
oi\ce  the  valve  is  calibrated,  little  error  in  flow  ratio  will  occur  with 
changes  in  oxidizer  temperature  and  density.  With  the  latter  method,  at 
low  thrust  levels,  the  aft  flow  rate  is  greater  than  forward-end  flow  and 
small  errors  in  aft-end  flow-rate  control  would  produce  relatively  large 
errors  in  forwarj-end  flow  rates.  A  secondary  control  system  is  incor¬ 
porated  to  separately  control  the  position  of  the  thrust-control  valve  inde¬ 
pendently  of  chamber  pressure.  Two  switches  are  included  for  selection 
between  thrust  and  valve  position  control  systems. 
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Figure  46.  (U)  Hybrid  Thrust  Control  Circuit 
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(U)  This  control  system  was  selected  because  it  did  not  have  any  limita¬ 
tions  imposed  by  fabrication  tolerances.  Fixed-area  injectors  with  aeration 
were  selected  as  the  most  feasible  means  of  obtaining  deep  throttling  ratios. 
The  desirability  of  using  aeration  would,  of  course,  depend  on  the  mission 
of  the  motor  and  the  volume  of  helium  required. 

(U)  Although  designs  were  completed  on  the  thrust  control  valve  and  flow 
divider  valve,  only  the  flow  divider  valve  shown  in  figure  45  has  been  fabri¬ 
cated  during  this  program. 

(U)  Development  work  on  the  valves  was  discontinued  when  the  program 
was  redirected  toward  a  dual-thrust  tactical  hybrid  propulsion  system. 

The  remaining  throttleable  motor  developmen.  t«.sts  used  the  two  existing 
venturi  flow  control  valves  shown  in  figure  47  to  control  primary  and  aft- 
end  oxidizer  flow  separately.  As  a  result,  the  maximum  achievable  throt¬ 
tling  ratio  was  approximately  Development  of  the  flow  control  system 

was  contirued  at  UTC  under  Contract  No.  NAS  7-311,  which  is  directed 
toward  the  development  of  throttleable,  space-storable  propulsion  systems. 
The  flow  divider  valve,  shown  mounted  to  the  control  valve  in  figure  48, 
was  successfully  tested  on  full-scale  motor  tests  conducted  during  the 
NASA  program. 

1.4  THROTTLEABLE  MOTOR  DEVELOPMENT 


(C)  The  throttleable  motor  development  program  has  resulted  in  the  test 
firing  of  7  lightweight  hybrid  test  motors  with  a  nominal  thrust  of  5000  lb. 
Twelve  development  tests  were  conducted  with  the  7  motors  using  the 
FLOX/ lithium  composite  propellant  system  to  evaluate  regression  behavior 
and  performance  at  high  and  low  thrust.  In  these  tests  a  throttling  ratio 
of  13. 7:1  was  demonstrated.  Low-thrust  firing  durations  of  30  and  60  sec 
were  obtained  on  one  motor  and  performance  values  obtained  were  as  high 
as  94%  of  theoretical  shifting  specific  impulse. 


(U)  The  fqll-scale  motor  used  in  both  phases  of  this  program  incorporated 
a  lightweight  fiberglass  case  design  shown  in  figure  49,  The  design  evolved 
from  heavyweight  steel-case  motors  used  in  tests  conducted  prior  to  this 


nroaram 


Xwo  hL52.vy\v 


1 4  ^ 


SO  wwAo  LAocv*  'j\/)  Tcpre- 


sentinj  ’.wo  different  concepts  in  achieving  complete  mixing  of  combustion 
chamber  gases  to  obtain  high  performance  levels.  A  three-spoke  fuel 
grain  motor  was  used  in  one  design  with  a  mixing  baffle  to  create  the  tur¬ 
bulence  necessary  for  mixing  of  the  propellant  gases.  The  second  concept 
used  a  hubbed  cartwheel  grain  shape  and  a  mixer  that  simulated  a  submerged 
nozzle.  Mixing  of  the  coaxial  gas  streams  was  induced  by  the  flow  direction 
change  in  a  plenum  created  by  the  submerged  nozzle. 
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Figure  47.  (U)  Oxidizer  Flow  Control  Valve 


Figure  48.  (U)  Thrust  Control  Vul 
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igure  49.  (U)  Full-Scale 
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fee  5)  12.0 
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NOTE;  All  dimensions 


Figure  50.  (U)  5000-lb-Thrust  Motor  Designs 
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(C)  Four  tests  were  conducted  prior  to  the  present  effort  with  the  two 
motor  configurations  using  FLOX  and  the  lithium  composite  fuel.  The 
test  results  are  given  in  table  II. 


TABLE  n 

HIGH-PERFORJdANCE,  FULL-THRUST  MOTOR  TESTS 


Test  No. 

Grain 

Configuration 

Delivered  Igp 
(Corrected  to 
1000/14.  7  sec) 

Characteristic 
Velocity  (c*) 
ft/sec 

1^-0170 

Three  spoke 

315 

94% 

6510 

99% 

L6-0183 

Three  spoke 

302 

92% 

6305 

98% 

L6-0184 

Hubbed  cartwheel 

315 

91% 

6880 

98% 

L6-02t5 

Hubbed  cartwheel 

305 

86% 

6150 

88% 

(C)  Both  designs  exceeded  the  performance  goal  of  300  sec.  The  three - 
spoke  design  produced  slightly  higher  performance  levels  and  a  less  com¬ 
plex  system  to  conduct  development  testing  and  the  submerged  rozzle 
approach  presented  a  more  practical  flight  configuration  design.  The 
three-spoke  design  was  selected  for  initial  development  testing. 

(C)  Flightweight  motor  development  was  to  have  been  initiated  in  Phase  11 
of  the  program  with  multiple  test  firings  to  statisticedly  evaluate  motor  per¬ 
formance  and  fuel  utilization.  However,  this  phase  of  the  program  was 
redirected  toward  tactical  missile  propulsion  systems  in  order  to  be  more 
consistent  with  current  Air  Force  requirements. 

5- 

I 

1.4.1  Motor  .Design 

(C)  The  lightweight  motor  design  is  shown  in  figure  51.  A  detailed  design 
drawing  is  presented  in  appendix  IV.  The  motor  uses  a  three-spoke  grain 
shape  and  a  star  mixer  which  is  fabricated  of  ceramic  foam.  The  heavy¬ 
weight  mixer  assembly  is  shown  in  figure  5Z.  Both  the  grain  and  mixer 
are  similar  to  those  previously  tested  in  steel-case  motor  hardware, 
delivering  specific  impulse  levels  of  up  to  315  sec.  Although  the  filament- 
wouud  motor  weighs  only  170  lb,  it  is  not  considered  flightweight.  It  does, 
however,  provide  a  less  expensive  motor  case  that  is  more  easily  handled 
than  the  700-lb  steel  case  motor. 
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(U)  In  preparing  the  motor,  the  fuel  grain  is  cast  into  a  thin  phenolic 
liner  as  shown  in  figure  53.  It  is  then  assembled  with  the  forward  and  aft 
closures  and  mixer  assembly.  After  assembly,  the  motor  is  mounted  on  a 
mandrel  and  a  glass  filament  case  is  wound  directly  over  the  components, 
as  shown  in  figure  54. 

(U)  Aeration  was  used  with  the  three-element,  fixed-area,  hollov  -cone 
injector  (figure  19)  to  provide  thrust  control.  A  polybutadiene  acrylic- 
acid  acrylonitrile  (PBAN)  splash  block  directs  the  oxidizer  flow  from  the 
injector  to  the  fuel  grain.  Aft-end  injection  of  oxidizer,  which  is  needed 
with  the  conventional  fuel  system,  is  accomplished  by  means  of  three 
equally  spaced  hollow-cone  injectors  located  in  the  mixer  section. 

(U)  A  lightweight  nozzle  (figure  55)  is  used  to  provide  data  on  nozzle 
design  concepts  applicable  to  flightweight  motors.  Ablatively  cooled 
nozzles,  with  and  without  graphite  throat  inserts,  were  tested. 

1.4.2  Throttleable  Motor  Test  Program 

(C)  The  overall  objectives  of  this  phase  of  the  program  include  the  develop¬ 
ment  of  a  50G0-lb-thrust,  20 -sec-duration  hybrid  motor,  capable  of  delivering 
a  specific  impulse  in  excess  of  300  sec  with  a  space-storable  propellant  sys¬ 
tem,  capable  of  multiple  start  operation,  and  throttleable  over  a  12:1  ratio. 

(U)  All  of  these  objectives  except  throttleability  and  restart  operation 
were  demonstrated  prior  to  this  program  in  5000-lb-thrust  motors  using 
the  lithium  composite  fuel  system  and  FLOX. 

(U)  The  purpose  of  this  test  program  was  to  evaluate  throttled  behavior 
of  the  motor  with  respect  to  performance  and  regression  rate  and  to  obtain 
empirical  data  to  assist  in  the  design  of  flightweight  motors. 

(U)  A  summaiy  describing  the  essential  parameters  and  purpose  of  each 
test  is  given  in  table  III. 

1.4.  2.1  ivloccr  No.  001 

(U)  The  purpose  of  the  test  firings  involving  the  first  full-scale  motor 
was  to  evaluate  the  motor  case  venturi  flow  control  valve  and  the  aeration 
system.  The  motor  was  to  be  fired  for  20  sec  while  oxidizer  flow  was 
varied  from  5  to  100%  of  the  full  flow  rate.  (The  full  flow  rate  corresponds 
to  5000-lb  thrust.)  A  sea-level  thrust  range  in  excess  of  15:1  was  covered 
during  this  first  test.  However,  because  aft  injection  was  not  used,  the 
mixture  ratio  shifted  to  fuel  rich  during  throttling,  resulting  in  reduced 
performance.  A  valve  control  calibration  error  resulted  in  the  achievement 
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Figure  53.  (U)  Three-Spoke  Fuel  Grain 


Figure  54.  (U)  Filament  ATinding  a  iZ-in.  Motor  Case 
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of  a  maximum  of  4200-lb  thrust  during  this  firing.  The  motor  was  reignited, 
after  valve  calibration,  for  an  additional  8.5-sec  duratioJf  and  oxidizer  flow 
was  again  varied  from  5  to  100%  of  full  flow.  The  second  firing  was  con¬ 
ducted  without  cleaning  the  injector  or  servicing  the  motor  or  control  valve 
system. 

(U)  Aeration  was  successfully  demonstrated  to  be  a  simple  and  reliable 
means  of  throttling  with  a  fixed-area  injector;  however,  minor  oscillations 
occurred  on  the  first  test  when  aeration  was  turned  off  for  higher  thrust 
levels.  The  oscillations,  which  were  attributed  to  insufficient  helium 
pressure,  were  eliminated  during  the  second  test  by  aerating  at  all  thrust 
levels  in  which  the  injection  pressure  was  less  than  the  helium  supply 
pressure.  Postiirc  inspection  of  the  motor  components  (figure  56)  indi¬ 
cated  the  design  of  the  motor  to  be  sound. 

(U)  The  erosion  rate  of  the  consumable  PBAN  splash  block  (shown  in 
figure  57)  was  compari.ble  to  that  predicted  by  earlier  5.0-in.  motor  tests. 

\U)  The  regression  behavior  of  the  fuel  grain  (shown  in  figure  58)  indi¬ 
cated  the  reed  for  injector  modifications  in  future  motor  designs.  A  web 
of  1/4  in.  can  be  seen  near  the  aft  end  of  the  motor,  while  the  grain  has 
been  burned  to  the  case  linei  material  at  the  head  end.  The  higher  regres¬ 
sion  rate  at  the  head  end  on  the  outer  web  was  attributed  to  the  radial 
component  of  oxidizer  momentum  imparted  by  the  splash  block.  Figure  59 
shows  the  oxidizer  flow  path.  A  design  change  was  made  which  solved  the 
problem  by  aligning  the  injectors  with  the  fuel  grain  port.  The  change  is 
shown  in  figure  60.  Further  benefit  is  obtained  by  reducing  the  weight  of 
the  splash  block  and  eliminating  the  grain  undercutting  seen  in  figure  58. 

(U)  Performance  information  was  not  obtained  for  the  throttled  tests 
because  the  tests  involved  only  head-end  oxidizer  control,  and  the  O/F 
ratio  varied  widely  as  thrust  was  decreased.  It  is  apparent  from  these 
test  results  that  the  design  of  the  mixer  section  is  conservative  and  can  be 
reduced  by  more  than  20  lb.  Further  weight  reduction  can  be  achieved 
when  the  mixer  is  redesigned  to  a  more  compact  size  for  flightweight 
motors. 

(U)  Equally  important  qualitative  data  was  obtained  for  future  hybrid 
nozzle  design.  The  lightweight  nozzle  used  on  this  test  is  fabricated  from 
silica-phenolic  cloth  ai^d  a  graphite  insert.  After  28.5-sec  duration  at 
various  thrust  levels,  the  nozzle  showed  only  minor  throat  erosion, 
although  some  erosion  occuri*ed  just  downstream  of  the  nozzle  throat. 

The  nozzle  is  shown  in  figure  61. 
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Figure  56.  (U)  Motor  001  Cc-ntiponents  After  Test 


Figure  57.  (U)  Splash  Block  from  Motor  001 
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Figure  59.  (U)  Original  Injector  Installation 
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Figure  60.  (U)  Modified  Injector  Installation 
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(U)  Reignition  of  the  motor  without  servicing  and  the  excellent  condition 
of  the  lightweight  injector  after  the  second  test  indicate  that  multiple 
restarts  pose  n>  problem.  The  injector  is  shown  in  figure  62  with  deposits 
of  combustion  products  on  the  face. 

1.4.  2.2  Motor  No.  002 

(U)  Motor  No.  002  was  tested  to  evaluate  the  feasibility  of  aft  injection, 
to  measure  performance, ' and  observe  the  fuel  regression  behavior  at  full 
thrust. 

(U)  The  test  was  conducted  at  5700-lb  thrust  for  14.2  sec  ol  a  planned 
15 -sec  test.  Termination  of  the  test  was  planned  at  15  sec  rather  than  the 
full  duration  of  20  sec  to  allow  sufficient  fuel  web  to  observe  loca?iiied 
regression  rates  due  to  injector  e^f^cts,  etc. 

(C)  However,  an  C-ring  failure  at  the  injector  caused  a  hot-gas  leak  at 
the  haid  end  of  the  motor.  The  injector  is  seen  in  figure  63;  /\lthough  no 
performance  data  were  obtained  because  of  the  case  failure  and  subsequent 
loss  of  fuel,  it  is  estimated  from  calculated  fuel  flow  rates  that  the  per¬ 
formance  of  >his  motor  exceeded,  by  a  substantial  margin,  the  delivered 
specific  impulse  of  315  sec  (1000/14.  7)  delivered  by  an  identical  steel 
case  motor  without  aft  injection. 

1.4.  2.3  Motor  No.  003 

(U)  The  firing  of  motor  No.  003  was  an  attempt  to  repeat  the  full  thrust 
performance  test  of  motor  002.  The  motor  was  igtiited  but  the  test  was 
terminated  0.  5  sec  after  ignition  when  the  aft  oxidizer  Injection  manifold 
developed  a  leak.  The  fluorine /oxygen  mixture  sprayed  from  the  manifold 
and  damaged  an  aft  injector  as  well  as  the  manifold.  The  leak  apparently 
resulted  from  an  internal  reaction  between  contaminants  and  the  oxidizer. 
Sequence  camera  coverage  recorded  the  failure,  which  is  shown  in  fig¬ 
ure  64.  A  subsequent  attempt  was  made  to  fire  motor  No.  003  to  com¬ 
plete  the  ful.1  thrust  performance  and  evaluation  test.  However,  the 
repaired  aft  injector  installation  failed  after  3.  5  sec  duration. 

(U)  The  motor  was  again  repaired  and  successfully  tested  in  a  5.  0-sec 
ignition  test  at  20%  thrust  without  benefit  of  the  gaseous  fluorine  lead  used 
for  ignition  in  previous  tests.  The  test  was  conducted  to  verify  safe  igni¬ 
tion  with  FLOX  for  the  impending  throttleable  motor  test  (motor  No.  004). 
Smooth  and  rapid  ignition  was  observed  with  FLOX  at  -310*  f‘.  In  5-in. 
motor  tests  conducted  in  previous  years,  ignition  spikes  have  been  observed 
with  FLOX  at  low  oxidizer  temperatures  and  stronger  ignition  spikes  were 
observed  with  OF2.  The  spikes  occurred  at  intermediate  flow  rates  and 
diminished  or  disappeared  as  tests  were  conducted  with  extremely  low  or 
higher  oxidizer  flow  rates. 

CONFIDENTIAL 


Figure  62.  (U)  Injector  After  Test 
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Figure  64.  (U)  Test  Sequence  Showing  Aft  Injector  Manifold  Failure 
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i.4. 2.4  Motor  No.  OO4 

(U)  Variable  thrust  over  a  throttling  range  of  6:1  was  demonstrated  with 
motor  No.  004.  Motor  thrust  was  varied  in  five  steps  of  3  sec  each  (fig¬ 
ure  65)  from  750  to  4500  lb  for  a  total  duration  of  15  sec.  Primary  oxidizer 
flow  was  varied  between  0.  53  and  13.  2  Ib/sec.  The  flow  divider  valve  dis¬ 
cussed  in  section  1.  0  was  not  fully  developed  at  the  time  of  this  test;  there¬ 
fore  a  fixed  oxidizer  flow  rate  of  1.2  Ib/sec  was  supplied  to  the  aft  injectors. 
The  resulting  mixture  ratio  shift  over  the  thrust  range  was  considerably 
reduced. 

(U)  As  shown  in  figure  66,  a  reasonable  mixture  ratio  can  be  maintained 
at  an  oxidizer  flow  rate  of  approximately  1.0  Ib/sec  and,  because  that  flow 
rate  provided  a  nearly  optimum  mixture  ratio  at  the  limits  of  the  intended 
throttling  range,  it  was  selected  for  the  aft-end  oxidizer  flow  rate  for  this 
test.  The  design  of  motor  No.  004  included  an  improved  aft  injector  design 
as  shown  in  figure  67. 

(U)  This  improved  injector  is  a  conventional  hollow-cone  type  with  an 
injection  port  extension  to  direct  the  flow  into  the  combustion  chamber. 

The  injector  is  threaded  to  facilitate  installation  and  removal  on  the  test 
stand,  thus  minimizing  the  possibility  of  contamination,  A  nozzle  with  an 
area  ratio  of  1.  0  was  used  to  allow  operation  at  a  chamber  pressure  of 
30  peia  without  nozzle  flow  separation.  Chamber  pressures  as  low  as 
51  psia  were  obtained  during  the  test, 

(U)  Specific  impulse  calculations  were  conducted  to  determine  the  relative 
performance  of  motor  No.  004  at  each  thrust  level.  In  these  calculations, 
all  of  the  motor  weight  loss  (including  consumed  splash  block  material, 
the  fuel  grain,  mixer,  and  insulation  materials)  were  treated  as  fuel.  The 
calculated  motor  performance  at  fixed  thrust  (where  an  essentially  constant 
mixture  ratio  is  obtained)  is  not  significantly  affected,  although  the  conser¬ 
vative  design  of  the  test  motor  produces  a  significant  quantity  of  nonpropel¬ 
lant  combustible  materials.  These  include  splash  block,  mixer,  and 
insulation.  An  accurate  calculation  of  performance  for  each  thrust  step 
of  a  variable  thrust  test  is  extremely  difficult  because  the  distribution  of 
these  nonpropellant  fuels  as  a  function  of  thrust  level  and  duration  cannot 
be  treated  analytically.  The  problem  is  further  complicated  by  the  difficulty 
in  ascertaining  the  mixture  ratio  and  hence  theoretical  performance,  espe¬ 
cially  at  low  thrust  values  where  small  differences  between  actual  and 
assumed  distribution  of  nonpropellant  fuels  can  produce  large  errors  in 
calculated  performance. 

(U)  Performance  was  calculated  three  times  using  three  different  assump¬ 
tions  concerning  the  consumption  of  the  nonpropellant  fuels.  The  fuel  grain 
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Figure  6i>.  (U)  Throttled  Motor  Oscillograph  Record,  Motor  004 


Figure  66.  (U)  Mixture  Ratio  vs  Thrust  for  Full-Scale  Motor 
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consumption  rate  was  calculated  with  the  regression  rate  equation  of  the 
lithium  fuel  system  f  =  0.  17  Gq****  where  Gq  is  the  oxidizer  flow  rate  divided 
by  the  fuel  port  area.  The  three  assumptions  were  that  the  rate  of  con¬ 
sumption  of  the  nonpropellant  fuels  is  proportional  to  oxidizer  flow  rate, 
proportional  to  thrust  level,  and  constant.  The  results  of  the  three  sets 
of  calculations  are  given  in  table  IV, 

(C)  As  the  results  in  table  IV  indicate,  the  calculated  performance  at 
each  thrust  level  varies  widely  for  all  three  assunr^ptions.  Therefore,  an 
average  weighted  performance  was  calculated  for  the  tests  using  the  results 
of  each  assumption.  These  calculations  produced  performance  values  of 
92.6,  93.7,  and  93.  9%  of  theoretical  specific  impulse,  respectively,  for 
the  three  assumptions. 

(U)  The  calculated  average  weighted  performance  is  probably  the  most 
accurate  means  of  estimating  the  performance  of  this  test.  This  parameter 
is  calculated  by  multiplying  the  performance  by  the  total  impulse  delivered 
for  each  step,  adding  these  products  for  all  five  thrust  steps,  and  dividing 
that  total  by  the  delivered  total  impulse  of  the  motor. 

(U)  The  average  weighted  performance  cannot  be  considered  as  an  absolute 
measure  of  motor  performance;  it  is  the  only  means  of  obtaining  a  reason¬ 
ably  consistent  measure  of  the  relative  performance  of  the  motor  under  the 
circumstances  of  varying  mixture  ratio  and  thrust.  The  reproducible  results 
obtained  with  the  three  assumptions  give  cause  for  optimism  as  to  the  accu¬ 
racy  of  these  results. 

1.4.  2.  5  Motor  No.  005 

(C)  Two  motor  tests  were  conducted  with  motor  No.  005  to  determine 
performance  and  regression  behavior  at  .low  thrust.  This  motor  was  fired 
at  a  chamber  pressure  of  32  osi  (approximately  10%  thrust)  for  30  ssc  and 
was  restarted  for  another  60  sec  without  servicing  the  injectors  in  any  way. 
This  injector  is  shown  in  figure  68.  Phenolic  injector  shields  were  sub¬ 
stituted  on  these  tests  for  the  graphite  inserts  previously  used.  The 
phenolic  shields  were  almost  completely  consumed  but  retained  sufficient 
thickness  to  prevent  injector  failure.  The  motor  produced  a  characteristic 
velocity  (c’*‘)  of  6150  ft/sec,  which  was  95%  of  theoretical.  Thrust  data 
from  both  tests  wan  lost  because  of  an  instrumentation  failure. 

(U)  Fuel  regression  was  slightly  higher  than  normal  at  the  injector  end 
of  the  iriotor  as  shown  in  figure  69.  Similar  effects  have  been  observed  in 
subacale  motor  tests  conducted  with  comparable  oxidizer  mass  fluxes. 

This  problem  is  not  serious  with  the  oxidizer  mass  flux  values  encountered 
over  a  12:1  throttling  range  because  the  effect  can  be  controlled  by  reducing 
the  injector  cone  angle. 
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TABLE  rv 

CALCULATED  SPECIFIC  IMPULSE  PERFORMANCE 


Thrust 

lb 

Delivered 
Specific  Impulse 
sec 

TJhecretical 

Specific  Impulse 

sec  Percent 

(e  =  1.0)  of  Theoretical 

1.  Aisuming  Nonpropellant  Fuel  Flow  Rate  Proportional  to  Oxidizer 

2600 

234 

234 

100 

4500 

216 

250 

86 

740 

257 

188 

137 

1780 

204 

228 

89 

3350 

210 

239 
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11.  Assuming  Nonpropellant  Fuel  Flow  Rate  Proportional 

to  Thrust  Leve 

2600 

229 

232 

99 

4500 

221 

252 

88 

730 

247 

186 

133 

1780 

210 

222 

95 

3350 

213 

.  241 

88 

111.  Assuming  Constant  Nonpropellant  Fuel  Flow  Rate 

, 

2600 

232 

232 

100 

4500 

229 

253 

91 

730 

189 

165 

113 

1780 

204 

221 

92 

3350 

218 

243 

90 
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Figure  69.  (U)  Full-Scale  Motor  005  After  Test 

I 

(U)  Aft  injection  in  full-scale  motor  tests  has  resulted  in  increased  end 
burning  of  the  fuel  grain,  as  can  be  seen  by  comparing  the  photo  of  motor 
No.  005  in  figure  69  to  motor  No.  001  in  figure  70,  which  did  not  use  aft 
injection.)  However,  the  addition  of  low  regression  rate  fuel  or  a  thin  sheet 
of  insulatipn  material  to  the  aft  end  of  the  grain  eliminates  the  problem. 

(U)  The  splash  block  in  motor  No.  005  performed  perfectly  during  the 
90-sec  test.  Figure  71  shows  the  splash  block  after  test.  Although  the 
consumption  of  the  PBAN  splash  block  material  does  not  seriously  penalize 
performance  when  burnert  with  FLOX,  large  splash  blocks  make  efficient 
fuel  utilization  difficult  and,  therefore,  wHl  be  greatly  reduced  or  eliiuii  uced 
in  flightweight  motor  designs, 

(U)  Chari  lag  of  foamed-cerarrac  plenum  chamber  walls  after  90  sec  was 
less  than  3/^6  ai.  Figure  72  shows  the  section  of  the  mixer  with  one  aft 
injector  in  position.  Figure  73,  showing  the  mixer  after  test,  indicates 
that  only  a  trace  of  the  spoke  still  exists.  This  figure  also  shows  the  effect 
of  erosion  on  the  mixer  caused  by  the  burning  fuel.  It  has  been  observed 
in  previous  tests  that  the  leading  edge  of  a  mixer  plenum  changer  is  con¬ 
sumed  at  about  the  same  rate  as  the  fuel,  producing  a  tapered  appearance. 

A  close-up  view  of  the  ceramic-foam  plenum  wall  is  shown  in  figure  74 
which  clearly  shows  a  postfire  cross  section  of  the  wall.  The  original 
uncharred  thickness  was  i.  0  in.  ,  which  indicates  that  a  char  buildup  has 
actually  taken  place. 
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Figure  70.  Full-Scale  Motor  001  After  Test 


(U)  An  ATJ  graphite  nozzle  with  an  expansion  ratio  equal  to  1,  0  was  again 
used.  Figure  73  shows  the  nozzle  that  survived  the  total  90-sec  duration 
without  erosion  or  cracking. 

1.4.  2.6  Motor  No.  006 

(U)  A  throttling  ratio  of  13.  7:1  was  successfully  demonstrated  with  motor 
No.  006  in  a  14-sec-duration  firing  in  which  the  thrust  was  varied  from 
388  to  5300  lb.  The  motor  was  ignited  with  FLOX  at  1000  lb  thrust.  The 
chamber  pressure  at  the  lovest  thrust  step  was  32  psi.  The  throttling 
ratio  was  the  largest  that  can  be  achieved  at  sea-level  pressure  without 
increasing  the  maximum  chamber  pressure.  The  thrust  trace  is  shown  in 
figure  75. 

(C)  The  calculation  of  motor  performance  is  again  hampered  by  variation 
in  the  nonpropellant  flow  rates  as  described  in  the  discussion  on  motor 
No.  004.  However,  if  motor  specific  impulse  is  calculated  on  an  overall 
basis  (i.  e.  ,  by  dividing  the  total  impulse  delivered  by  the  weight  flow  rate 
of  all  materials  passing  out  the  nozzle),  a  specifiv,  impulse  of  208  sec  is 
calculated  which,  with  an  expansion  ratio  of  1.  0,  is  90%  of  theoretical. 
Characteristic  exliaust  velocity  is  5933  ft/sec  or  92.8%  of  theoretical. 
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(U)  Splash  Block  After  Test 


'rigure  73.  (U)  Mixer  Assembly  After  Test 
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(C)  K  performance  is  determined  as  described  previously,  where  fuel 
flow  rate  is  predicted  by  the  regression  rate  equation  f  =  0.  17  Go°‘*  ,  and 
the  nonpropellant  combustibles  are  assutrxed  to  be  consumed  (1)  at  a  con¬ 
stant  rate,  (2)  in  proportion  to  oxidizer  flow  rate,  or  (3)  in  proportion  to 
thrust  level,  the  calculated  performance  values  are  95.5,  93.2,  and  93.2%, 
respectively,  of  theoretical  specific  impulse.  Again,  these  values  are  not 
intended  to  relate,  with  certainty,  the  performance  of  this  motor;  they 
indicate  an  approximate  level  of  perforniance. 

(U)  A  rippled  fuel  grain  surface  resulted  from  this  test,  as  shown  in 
figure  76.  This  rippling  is  attributed  to  inadvertently  high  helium  flow 
rates.  The  rippling  effect  was  not  observed  in  motor  No.  001  (figure  58), 
which  was  also  throttled  with  helium  aeration,  and  subsequent  tests  with 
the  same  injector  at  fixed  thrust  did  not  result  in  rippling. 

(U)  Postfire  inspection  of  the  injector  revealed  an  error  in  installation 
of  the  sonic  orifices  controlling  the  helium  flow,  substantiating  the  sus¬ 
picion  of  an  excessively  high  flow  rate. 


Figure  76.  (U)  Fuel  Grain  from  Motor  006  After  Test 
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iigure  77A.  (U)  Fuel  Crain  from  Motor  007  After  Test 
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1.4.  2.7  Motor  No.  007 

(C)  The  final  motor  test  of  this  phase  was  conducted  using  OF2  as  oxidizer 
in  a  full-thrust  performance  test.  The  motor  design  was  modified  to  elimi- 
nc,*'e  the  mixer  baffles,  thereby  relying  only  on  the  aft  injecLors  to  produce 
the  mixing.  The  motor  was  tested  for  10.  8  sec  at  a  thrust  of  4723  lb  and 
a  chamber  pressure  of  281  psia.  The  motor  delivered  a  specific  impulse 
of  309.  8  sec  (1000/ 14.  7)  or  90%  of  theoretical  without  using  mixing  baffles. 
Characteristic  velocity  (c*)  was  6227  ft/sec  or  92.  8%  of  theoretical. 

(U)  Fuel  grain  regression  was  as  predicted  with  only  slight  injector  effect, 
shown  in  figure  77,  increasing  the  regression  rate  near  the  injector. 

(U)  The  nozzle  used  on  this  test  incorporated  a  single  material  (impreg¬ 
nated  carbon  cloth-phenolic)  without  the  usual  ATI  graphite  insert.  The 
nozzle  throat  shown  in  figure  78  survived  without  significant  dimensional 
change  as  did  the  expansion  skirt.  However,  the  higher  thermal  conduc¬ 
tivity  of  the  carbon  cloth  material  resulted  in  the  delamination  of  a  fiber¬ 
glass  reinforcing  layer  as  shown  in  this  figure.  Improved  nozzle  design 
v/ould,  therefore,  incorporate  an  insulation  reinforced  with  carbon  cloth 
on  the  interior. 
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Figure  77B.  (U)  Fuel  Grain  from  Motor  007  After  Test 
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Figure  78B.  (U)  Carbon  Cloth-Phenolic  Nozzle 
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1.  5  QUALITATIVE  PREDICTION  OF  THE  RELIABILITY  AND  MAIN¬ 
TAINABILITY  OF  SPACE-STORABLE  MOTORS 

(U)  Based  on  experimental  data  presently  available,  an  estimate  can  be 
made  of  the  relative  reliability  and  maintainability  of  space- storable  hybrid 
rocket  motors  should  they  be  reduced  to  operational  use  utilizing  the  tech¬ 
nology  acquired  under  this  program.  This  specific  program  has  been  pri¬ 
marily  concerned  with  developing  technology  relative  to  the  thrust  chamber 
assembly  (TCA),  which  includes  the  oxidizer  valve,  injectors,  fuel  grain, 
and  nozzle.  Of  these  components,  the  two  most  significant  items  pertinent 
to  the  reliability  and  maintainability  of  hybrids  are  the  injectors  and  fuel 
grain;  the  remaining  components  being  based  on  state  of  the  art  liquid  and 
solid  rocket  technology. 

(U)  The  primary  injectors  used  in  the  full-scale  motors  have  injector 
port  openings  approximately  0.  4  in.  in  diameter.  This  relatively  large 
opening  is  expected  to  lead  to  greatly  simplified  maintenance  and  increased 
reliability.  Injector  openings  of  this  size  are  virtually  immune  to  plugging 
by  particles  in  the  oxidizer  supply  and  from  manufacturing  defects. 

(U;  The  HFX  2081  and  HFX  2084  fuels  developed  under  this  program  do 
not  sustain  combustion  in  the  absence  of  oxidizer;  therefore,  there  is  little 
or  no  possibility  of  inadvertent  ignition  or  fire  and  no  possibility  of  detona¬ 
tion.  In  addition,  because  the  hybrid  burning  process  is  controlled  pre¬ 
dominantly  by  liquid  flow,  the  solid  grain  surface  does  not  determine  the 
combustion  pressure.  Therefore,  unlike  solid  propellants ,  cracks  or 
voids  in  a  hybrid  fuel  grain  do  not  lead  to  faster  or  uncontrollable  burning. 
During  this  prograrr  ,  numerous  HFX  2084  fuel  grains  containing  voids 
and  cracks  have  been  fired  without  affecting  the  operation  of  the  motor. 
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2.  0  PREPACKAGED  HYBRID  x  ROPELLANT  SYSTEMS  (PHASE  II) 


(C)  This  investigation  was  initiated  to  investigate  potential  prepackaged 
hybrid  propellant  systems  that  may  have  application  in  tactical  missiles. 

The  investigation  has  resulted  in  the  evaluation  of  five  fuel  systems  in 
forty  5-in,  motor  tests  and  fifty  3,5-in,  motor  tests.  One  of  the  fuel 
systems  was  also  tested  in  three  12 -in,  motor  tests.  One  of  the  fuel  sys¬ 
tems  was  also  tested  in  three  12-in,  motor  tests  using  CIF^  and  CIO3F, 

As  a  result  of  this  experimental  work,  a  fuel  system  t  ontaining  TFTA, 
joron,  AP,  and  binder  hac  been  selected  for  further  1.  valuation  under 
Contract  No,  AF  04(6 1 1)- 10789  and  for  use  in  5000-lb-thru3t  motor  tests 
to  be  conducted  under  that  contract, 

(U)  The  investigation  has  consisted  of  evaluation  and  selection  of  candi¬ 
date  propellants ,  formulations  and  processing  studies,  3,5-in,  and  5,0-in, 
motor  tests  to  evaluate  the  fuels,  and  the  six.  12,  0-in,  motor  tests  with 
three  filament-wound  test  motors  of  the  type  described  in  paragraph  1,  3, 

2,  1  PREPACKAGED  HYBRTD  PROPELLANT  STUDIES 

(U)  Several  hybrid  propellant  combinations  were  selected  for  study  for 
ipplication  in  typical  tactical  air-launched  missile  systems.  In  order  that 
these  propellants  be  consistent  with  tlie  requirements  of  the  missile,  certain 
criteria  must  be  met.  The  propellants  must  deliver  relatively  high  specific 
•  mpulsfc  and  possess  a  high-iomperature  bulk  density  adequate  to  obtain  the 
total  impulse  requirement  (200,000  lb-sec)  within  vehicle  weight  and  volume 
limitations.  The  fuel  must  not  sustain  combustion,  on  termination  of  oxi- 
dii:er  flow  because  multiple  start  operation  is  required.  The  propell;  p;s 
should  provide  smooth  and  reproducible  hypergolic  ignition  and  efficient 
combustion,  and  should  produce  an  exhaust  plume  whicl  possesses  favor¬ 
able  radar  attenuation  and  reflection  properlie:,. 

(C)  Propellant  investigations  were  initiated  wito  a  fue,‘  system  consisting 
of  TAZ,  boron,  AP,  and  binder,  Of  the  available  propellants,  this  fuel, 
with  an  oxidizer  consisting  of  a  m'oi.tu.Te  of  CIF5,  CIO3F,  and  BrFg, 
showed  the  most  promise  of  fulfilling  the  requirements  of  a  prepackaged 
hybrid  propulsion  system, 

(C)  .Eased  an  iaformation  obtained  from  formulations  work  and  subscalc 
motor  testing,  several  compositions  of  the  selected  fuel  formulation  were 
evaluated  for  further  developm«»iit,  A  primary  fuel  system  was  chosen  as 
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the  ultimate  goal  with  emphasis  on  obtaining  high  specific  impulse.  Alter¬ 
natives  were  considered  to  cover  each  of  the  possible  development  problems 
anticipated.  These  alternatives  include  the  substitution  of  TFTA  for  TAZ, 
aluminum  for  boron,  and  the  substitution  of  CIO3F  in  the  oxidizer  for 
reduced  AP  loading  in  the  fuel.  The  factors  which  necessitate  consideration 
of  these  alternatives  are  discussed  in  paragraph  2.  2.  i.  Table  V  lists  the 
fuel  systems,  in  the  order  of  decreasing  performance,  that  are  in  pre- 
!ir.  unary  development.  As  problems  are  overcome  or  are  found  to  be  non¬ 
existent,  development  work  on  the  respective  ctlternative  fuels  will  be 
discontinued.  In  the  event  of  any  serious  problem,  timely  development  of 
an  alternative  fuel  is  ensured. 

2.  1.  1  Propellant  Evaluation 

(U)  A  preliminary  survey  was  made  to  determine  which  candidate  storable 
propellant  systems  offer  significant  performance  gains  over  current  pre¬ 
packaged  propellants.  Only  those  propellants  suitable  for  application  in 
advanced  tactical  missiles  and  considered  to  be  state  of  the  art  for  the 
1965  to  1968  period  were  studied.  The  initial  candidate  propellant  systems 
are  listed  in  table  VI. 


TABLE  V 

HYBRID  PROPELLANT  COMBINATIONS  SELECTED  FOR  EVALUATION 

Fuel  pisp 


Type  of  Fuel 

Composition 

Oxidizer 

O/F 

if£ 

sec 

A 

Pelletized 

33  TAZ/20  B/ 

27  AP/20  binder 

CIF5 

2.  3 

294 

495 

B 

Pelletized 

22  TFTA/20  B/ 

38  AP/20  binder 

ClFj, 

2.  3 

293 

494 

C 

Homogeneous 

35  TAZ/20  B/ 

15  AP/30  binder 

90  CIF5/ 

10  CIO3 

2.5/ 

2.9 

293 

479 

D 

Pelletized 

60  TFTA/20  B/ 

20  binder 

75  ClFg/ 

25  CIO3F 

3.5 

297 

468 

E 

Homogeneous 

45  TFTA/20  3/ 

35  binder 

75  CIF5/ 
25  CIO3F 

3.  5 

295 

461 

F 

Pelletized 

22  TFTA/20  Al/ 
38  AP/20  binder 

CIF5 

1.5 

289 

486 

G 

Homogeneous 

35  TFTA/20  Al/ 
15  AP/30  binder 

30  CIF5/ 
20  CIO3F 

2.2 

288 

455 
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(C)  These  two  propellant  systems  were  subjected  to  further  study  to 
determine  which  system  (or  systems)  showed  the  greatest  potential  for 
performance,  versatility,  and  rapid  development.  Results  of  these  studies 
showed  the  most  promising  propellant  system  to  be  a  combination  of  one 
or  more  of  the  interhalogen  oxidizers  (GIF5,  BrF5,  and  CIO3F)  with  a 
TAZ/boron/AP/binder  fuel.  This  system  offers  high  specific  impulse, 
an  adequate  bulk  density,  and  can  be  formulated  to  maximize  specific 
impulse  or  density  impulse  or  to  optimize  to  a  combination  of  those  quan¬ 
tities.  In  its  initial  formulation,  this  propellant  system  offers  the  following 
capabilities;  For  weight-limited  missile  systems,  where  maximum  specific 
impulse  is  required,  the  TAZ/boron/AP/binder  system  oxidized  by  a 
CIF5/CIO3F  mixture  will  provide  a  specific  impulse  of  294  sec;  for  volume- 
limited  systems  requiring  high  density  fuels  and  an  engine  restart  capa¬ 
bility,  the  TAZ/boron/AP/binder  system  could  be  oxidized  with  BrF5  to 
produce  540  g-sec/cc  density  impulse  at  77*  F  and  508  g-sec/cc  at  165’  F; 
for  other  applications,  where  high  specific  impulse  is  required,  the  oxidizer 
composition  could  be  varied  to  produce  specific  impulse  levels  between 
243  and  298  sec,  while  density  impulse  can  be  maintained  between  540  g-sec/cc 
and  480  g-sec/cc  as  tradeoffs  are  being  made. 

(U)  All  of  these  propellants  are  storable  over  the  required  -65*  to  +  165“  F 
temperature  range.  Most  tactical  missile  propulsion  systems  cannot  tolerate 
the  production  of  an  exhaust  plume  that  will  attenuate  or  reflect  radar  sig¬ 
nals;  therefore  the  use  of  the  lithium-lithium  hydride  (fuel  No.  7,  table  V.") 
fuels  is  questionable.  However,  this  fuel  is  of  special  interest  for  weight- 
limited  vehicles,  where  high  specific  impulse  is  required. 

2.  1.  2  Temperature  Effects 

(U)  The  effects  of  temperature  on  propellant  selection  include  its  effects 
on  density  and  vapor  pressure  of  the  oxidizer  and  its  effects  on  thermal 
stability  u:  the  fuel  within  the  limits  of  -65  “  to  +  165  “  F. 

(U)  No  significant  problems  are  anticipated  with  any  effects  of  tempera¬ 
ture  on  oxidizer  vapor  pressure  or  thermal  stability.  The  vapor  pressure 
of  all  three  oxidizers  originally  considered  £0  r  this  pAtOgx'aiti  present  no 
problems  at  the  system  operating  pressures.  The  vapor  pressure,  critical 
pressure,  and  temperature  for  the  three  oxidizers  axe  shown  in  table  Vll 
and  figure  79. 

(U)  Temperature  effects  on  the  stability  of  the  fuel  system  is  not  con¬ 
sidered  to  be  a  problem  because  differentiaJl  thermal  analysis  (DTA)  tests 
conducted  with  each  of  the  fuel  system  constituents  have  indicated  that  all 
are  stable  to  temperatures  in  excess  of  392*  F. 
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Figure  79.  (U)  Estimated  Oxidizer  Vapor  Pressures 
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TABLE  VII 

OXIDIZER  PHYSICAL  PROPERTIES 
_ Oxidizsr 


Parameter 

CIF5 

BrF^ 

CIO3F 

Boiling  point,  *.F 

8 

105 

-53 

F., eezing  point,  *F 

-153 

-80 

-231 

Critical  pressure,  psia 

605 

624 

778 

Critical  temperature,  *F 

246 

386 

203 

Heat  of  formation,  kcal/mole 

-58 

-109.8 

-10.  1 

Density  at  77*  F,  g/cc 

1.  74 

2.  47' 

1.  42 

Density  at  165*  F,  g/cc 

1.  55 

2.28 

1.  13 

*  Liquid  at  77*  F 


(U)  The  effects  of  temperature  on  propellant  density  is  an  important  con¬ 
sideration  in  the  selection  of  propellants  for  prepackaged  hybrid  systems 
because  a  reduction  in  propellant  volume  yields  a  minimum  tank  weight  and 
reduces  aerodynamic  drag.  The  density  of  the  o;ddize.r  at  the  highest  opera¬ 
tional  temperature  reached  by  the  propellants  during  storage  or  flight  is  the 
most  significant  consideration  for  design  purposes  because  this  value  will 
dictate  the  minimum  tank  size. 

(C)  The  effects  on  density  cf  CIF5,  BrFs,  and  0103!'  with  temperature 
are  shown  in  figure  80;  however,  adequate  density  impulse  levels  are 
possible  with  both  ClFc  and  BrFs  at  elevated  tempcidlures.  The  additun 
of  ClOjF  to  the  oxidizer  system  is  attractive  for  use  with  fuels  containing 
hydrocarbon  binders  because  such  a  mixture  provides  oxygen  to  oxidize 
the  carbon.  This  will  maximize  specific  impulse  for  a  given  fuel  blend. 

The  major  disadvantage  to  the  addition  of  CIO3F  is  the  reductivin  in  bulk 
density.  When  used  in  quantities  of  less  than  20  to  30%  of  the  to.'^^al  oxidizer 
at  temperatures  up  to  165*  F,  CIO3F  significantly  improves  perfv'>rmance 
vMle  maintaining  a  reasonable  value  of  density  impulse.  However,  for 
use  at  higher  operating  temperatures  and  in  higher  percentages,  additional 
investigation  is  required  to  compare  the  value  of  increased  specific  i.mpulse 
with  the  added  vehicle  weight  accompanying  a  lower  oxidizer  bulk  density. 
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Figure  80.  (U)  Effect  of  Temperature  on  0:<id,izer  Density 

2,1,3  Fuel  Components 

2.  1.  3,  1  Ammonium  Perchlorate 

(C)  The  alternati''^  method  for  providing  oxygen  to  the  system  is  the  addi¬ 
tion  of  AP  (NH4CIO3)  in  the  fuel  system.  Maximum  theoretical  performance 
is  obtained  when  the  oxygen  content  is  sufficient  to  oxidize  al]  carbon  to 
carbon  monoxide  (CO). 

(C)  Parametric  studies  were  made  to  determine  the  effects  of  AP  loading 
on  specific  impulse  and  density  impulse.  These  studies  showed  that  the 
optinvuiii  AP  loading  resulted  in  a  specific  impulsie  of  294  sec  and  density 
impulse  of  495  sec.  The  theoretical  performance  curves  from  this  study 
are  shown  in  figure  81.  Based  on  these  studies,  a  fuel  containing  2,3%  TAZ/ 

20%  boron/27%  AP/20%  binder  (Fuel  A,  table  V)  was  selected  for  use  with 
CIF5. 

(C)  The  addition  of  the  required  amount  of  AP  to  a  fuel  blend  would  result 
in  self-euBtained  combustion.  However,  subscale  motor  tests  described  i 

in  paragraph  2.2  indicate  that  nonsustaining  fuel  grains  can  be  formulated 
with  pelletized  AP,  These  tests  indicate  that  the  maximum  AP  loading  in 
an  homogeneous  nonsustaining  fuel  blend  is  15%,  However,  because  the  j 

I 
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GRAVIMETRIC  MIXTURE  RATIO,  O/F 


Figure  81.  (U)  Perfor. -nance  if  Four -Component  Fuels 
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maximum  AP  loading  in  nonsustaining  fuels  is  a  function  of  particle  size, 
fuel  development  with  coarse -particle  AP  should  allow  a  significant  increase 
in  the  AP  loading  of  the  optimum  homogeneous  fuel  blend.  Based  on  these 
results,  a  fuel  system  (Fuel  C,  table  V)  containing  35%  TAZ/20% boron/ 

15%  AP/30%  binder  was  selected  as  the  optimum  homogeneous  fuel  blend, 

2.  1.  3,  2  Nitrogen-Containing  Additives 

(C)  Crystalline  materials  that  are  high  in  nitrogen  have  been  used  in 
several  hybrid  fuel  systems  developed  at  UTC.  These  additives  ircrease 
the  fuel  regression  rate  and  the  hydrogen-carbon  and  nitrogen-carbon 
ratios,  a  deeirable  change  for  systems  using  interhalogen  oxidizers. 

Besides  being  high  in  hydrogen  and  nitrogen,  these  materials  all  have  a 
positive  heat  of  formation  and  high  heats  of  combustion.  This  indicates 
that  the  material  would  tend  to  decompose  relatively  easily,  supplying 
significant  quantities  of  working  fluid  (especially  nitrogen)  along  with  suf¬ 
ficient  energy  to  augment  the  specific  impulse.  The  interhalogen  oxidizers 
do  not  oxidize  carbon  readily;  therefore  the  low  carbon  content  of  these 
additives  is  attractive  in  hybrid  fuel  systems  used  on  this  program, 

(C)  Three  nitrogen-containing  additives  have  been  under  investigation: 
TAZ,  THA,  and  TFTA.  However,  investigation  of  THA  has  been  discon¬ 
tinued  for  this  application  because  of  the  high-temperature  fuel  stability. 
Initial  fuel  development  work  used  TAZ  as  the  nitrogen  additive.  However, 
TAZ  has  become  unavailable  because  of  supplier  problems,  and  substitu¬ 
tion  of  another  nitrogen  additive  has  been  made.  This  alternative  additive 
is  TFTA.  Initial  calculations  indicated  that  the  performance  levels  would 
be  comparable,  but  some  uncertainties  existed  in  the  heat  of  formation. 

The  values  in  question  were  heats  of  combustion  euid  heats  of  formation 
obtained  from  Food  Machinery  and  Chemical  Corporation  (FMC),  * 

(U)  The  heats  of  combustion  and  formation  were  verified  experimentally 
at  UTC  (see  appendic III)by  oxygen  bomb  calorimeter  tests,  and  physical 
properties  were  studied.  Results  of  the  studies  described  in  appendix  III 
showed  that  TFTA  was  a  good  substitute  for  TAZ.  In  addition,  TFTA  was 
found  to  be  insensitive  to  impact  and  less  toxic.  Thermal  stability  also 
was  good  over  the  required  temperature  range. 


Annual  Progress  Report,  i  June  1961  to  31  August  1962,  Contract 
No.  AF  04(6ll)-5689.  Food  Machinery  and  Chemical  Corporation. 
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2,  1,  3.  3  Metal  Additives 

(C)  Two  metal  additives,  aluminum  and  boron,  are  being  used  in  the 
developmer, t  of  high-density  fuels.  Theoretical  performance  calculations 
indicate  that  boron- containing  fuels  deliver  a  higher  specific  impulse  and 
density  impulse  them  aluminum-containing  fuels.  Because  of  the  relatively 
higher  performance  and  favorable  radar  reflection  anjd  attenuation  proper¬ 
ties  of  boron  fuels,  only  boron  is  being  seriously  considered  for  use  in 
full-scale  motor  development.  Aluminum  fuels  provide  a  high  level  of 
performance  and  will  provide  operating  motor  environmental  conditions 
comparable  to  those  of  boron  systems;  therefore,  aluminum  fuels  were 
retained  as  a  possible  substitute  fuel  for  motor  development  tests. 

2.  1.  3.  4  Fuel  Binders 

(C)  Since  interh2d.ogen  oxidizers,  in  general,  are  poor  oxidizers  for 
carbon- containing  fuels,  it  has  been  found  desirable  to  minimize  the  carbon 
content  and  increase  the  oxygen  content  of  the  binder.  This  consideration 
has  resulted  in  a  change  in  the  choice  of  binders  from  the  R-45  hydrocarbon 
binder,  which  contains  86%  carbon  and  10%  oxygen,  to  a  binder  designated 
as  QX  3812,  which  contains  61.  5%  carbon  and  26%  oxygen. 

(C)  Experimental  results  indicate  that  an  increase  in  solids  loading  by 
10%  has  bean  achieved  as  an  added  benefit.  The  area  of  binder  formulations 
will  be  the  subject  of  continued  investigation  on  Contract  No.  AF  04(6 1 1)-10789, 
both  with  respect  to  improving  the  stoichiometry  and  solids  loading  of  hybrid 
fuels, 

2.  1.  4  Formulation  and  Processing 

(U)  The  objectives  of  the  formulations  studies  conducted  during  this  pro¬ 
gram  were  to  determine  the  maximum  solids  loading  that  can  be  contained 
in  a  castable  fuel  system  and  to  develop  techniques  for  processing  the  fuels. 
The  formulations  which  proved  castable  were  then  tested  in  3.  5 -in.  motors. 

2.  1,  4.  1  Solids  Loading 

(U)  The  maximum  achievable  loading  for  nonpelletized  castable  fuels 
varies  from  60  to  80%,  depending  on  the  constituents  and  their  respective- 
particle  sizes.  It  appears  that  elemental  boron  is  limited  to  a  loading  of 
60%  in  binder  alone  where  coarse  boron  is  used.  In  similar  fashion, 

TFTA  and  TAZ  are  limited  to  approximately  the  same  percentage.  Thus, 
the  combined  TFTA  and  boron  loading  limit  in  binder  is  also  60%  or 
approximately  2:1  solids  to  binder  ratio.  Lower  loading  ratios  result 
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with  finer  particle  sizes.  The  addition  of  AP  to  the  fuel  does  not  appear  to 
alter  the  relative  ratios  of  boron-to-binder  or  TAZ-to-binder.  Therefore, 
at  present,  the  level  of  maximum  loading  achievable  in  a  four -component 
fuel  system  in  a  homogeneous  mix  is  established  when  the  TAZ  or  TFTA 
and  boron  percentage  is  approximately  twice  that  of  the  binder.  To  com¬ 
pensate  for  this,  a  technique  in  processing  of  the  TFTA  has  been  developed 
in  which  the  material  7S  precompacted.  This  precompacted  or  lightly 
pressed  TFTA  is  then  broken  into  random  distribution  of  particles,  which 
enables  considerably  higher  solids  loading  in  the  fuel. 

(U)  By  selectively  pelletizing  or  compacting  the  fuel  components,  it  is 
possible  to  attain  80%  solids  loading  and  still  retain  castability.  Experience 
in  foi’mulation  and  testing  of  pelletized  motors  have  demonstrated  the 
feasibility  of  pelletizing.  When  AP  and  TFTA  are  pelletized  together,  the 
resultant  pellet  is  impact  sensitive.  However,  AP  and  TFTA  can  be  used 
when  pelletized  separately.  When  TFTA/boron/AP  pellets  are  used,  poor 
combustion  behavior  of  the  boron  resulted  as  was  evidenced  by  glowing, 
unburned  boron  particles  being  ejected  through  the  nozzle.  It  is  apparent 
that  AP  must  be  pelletized  separately  if  combustion  efficiency  is  to  be 
obtained.  By  a  judicious  distribution  of  the  four  fuel  components  through¬ 
out  both  the  matrix  and  the  pellets,  efficient  combustion  should  be  attainable. 

2.  1,4,  2  Processing 

(C)  During  the  investigation  of  four  component  fuels  containing  TFTA,  a 
scaleup  in  processing  batch  sizes  was  required  from  8-lb  laboratory  size 
batches  used  for  3.5-in.  motor  tests  to  80-lb  production  batch  sizes  vised 
for  5.0-in.  motor  tests.  As  a  consequence  of  this  rapid  ocaleup,  problems 
were  encountered  in  the  processing  of  a  four -component  fuel  system 
(35%  TFTA/20%  boron/ 15%  AP/30% binder)  for  the  initial  subscale  fuel 
evaluation  tests. 

(U)  These  problems  were  manifested  by  soft  cure  or  noncure  behavior 
of  the  fuel  and  by  gross  swelling  or  gassing  of  the  fuel  at  the  usual  cure 
tciTipcralure  of  i60"  F.  Concurrently,  afire  occurred  that  destroyed  eight 
5 -in.  motors  and  badly  damaged  a  cure  oven.  The  nature  of  the  circum¬ 
stances  surrounding  the  incident  tend  to  indicate  either  an  autoignition  of 
the  fuel  or  an  ignition  pf  the  gaseous  mixture  in  the  oven  that  resulted 
from  a  gradual  fuel  degradation  at  elevated  temperatures. 

(U)  In  an  effort  to  locate  and  describe  the  source  of  the  problem,  an 
extensive  compatibility  study  has  been  carried  out  using  the  four -component 
fuel  system  involved  in  the  incident.  The  components  were  aluminum  pow¬ 
der  ("as  received"),  AP,  TFTA,  and  the  binder  (QX  3812  resin/cured 
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with  DER  33Z  resin).  During  this  study,  the  following  factors  were  con¬ 
sidered  to  be  of  prime  importance: 

A.  The  purity  of  TFTA 

B.  Vacuum  treating  of  the  QX  3812  resin 

C.  The  chemical  equivalence  ratio  of  QX  3812/CER  332 

D.  The  compatibility  of  components  alone  and  in  combination 
at  both  160®  and  195®  F. 

Fuel  samples  wore  mixed  in  each  possible  combination  of  ingredients  using 
binder  curative  (QX  38 12 /DER  332)  in  three  equivalence  ratios: 


A. 

1.  0/0.  7 

B.  , 

1.  0/0.  9 

c. 

1.  0/1.  1 

These  fuel  samples  were  cured  at  160®  and  200®  F.  The  results  of  these 
processing  studies  are  shown  in  figure  82. 

(U)  The  following  conclusions  can  be  drawn  from  these  tests: 

A.  The  TFTA  must  be  free  of  impurities  to  avoid  both  out- 
gassing  and  soft  cure. 

B.  Increased  fuel  stability  is  obtained  when  the  QX  3812/ 

DER  332  equivalence  ratio  os  1.  0/1.  1. 

C.  Incompatibilities  at  elevated  temperatures  are  minimized 
when  the  QX  3812  binder  resin  has  been  vacuum  treated 
prior  to  fuel  mixing. 

D.  .Viinor  incompatibility  exists  between  the  solid  oxidizer  (AP) 
and  the  nitrogen  additive  fuel  (TFTA)  in  long-term  storage 
at  195®  F. 

(U)  Particular  emphasis  was  placed  on  making  astute  observations  with 
regard  to  cure  behavior  and  sample  swelling  or  gassing  so  that  trends 
might  be  established,  indicating  the  primary  sources  of  difficulty.  As  a 
result  of  this  study,  fuel  processing  was  iiltered  to  include  a  complete 
degassing  of  binder  components  in  the  presence  of  the  powdered  metal. 


\ 


112 


AFRPL-TR-65-184 


Also,  the  order  of  component  addition  to  the  fuel  mix  was  modified  so  that 
the  M’  was  the  last  constituent  added.  Fuel  curing  temperatures  of  13b® 

‘■)*  F  have  ensured  a  good,  gas-free,  well  cured  fuel  grain,  A  quali- 
acoeptability  test  has  been  developed  to  ensure  the  purity  of  TFTA 
-duct  workup.  The  test  consists  of  washing  the  TFTA  with  a  non- 
antil  the  wash  Lqulds  are  no  longer  alkaline  to  methyl-red  indicator. 

By  emplv'iying  these  var.  s  techniques  that  have  developed  as  a  result  of 
this  study,  it  has  teen  possible  to  prepare  forty  5-in.  motors  and  three 
12-ill.  test  motors  with  single  fuel  grains  weighing  130  lb.  Further  studies 
in  this  general  area  will  be  directed  toward  seeking  a  binder  system  that 
will  increase  thermal  stability  of  the  fuel  at  temperatures  above  200°  F, 

2.  2  SUBSCALE  MOTOR  TEST  PROGRAM 

(U)  Candidate  fuel  systems  were  evaluated  in  two  subscale  motor  sizes, 

A  3.5-in.  motor  (figure  83)  was  used  to  screen  fuel  samples  from  laboratory- 
mixed  batches.  A  5.0-in.  motor  (figure  84)  was  used  to  cbv.racterize  the 
regression  rate  behavior  of  fuels  that  had  previously  been  screened  in  the 
3.5-in.  motor. 

2.  2.  1  3.  5-In.  Motor  Tests 

(U)  Fifty-six  motor  tests  were  conducted  during  this  program  in  the 
investigation  of  prepackaged  propellan*^  systems.  These  tests  were  con¬ 
ducted  to  determine  the  effect  of  AP  loading  on  regression  rate,  to  deter¬ 
mine  the  AP  level  necessary  to  reach  the  threshold  of  self-sustai.iing 
combustion,  and  to  evaluate  pelletized  fuels, 

(U)  The  tests  were  conducted  at  chamber  pressures  from  500  to  1250 psia 
using  CIF3  at  a  flow  rate  of  0.  3  Ib/sec.  Test  durations  were  nominally 
12  sec.  The  data  shown  in  figure  85  indicate  that  the  regression  rate  is  a 
function  of  the  AP  loading  and  is  augmented  by  the  presence  of  TFTA  and 
TAZ. 

(U)  Self-sustaining  combustion  has  been  found  to  occur  with  homogeneous 
fuels  with  AP  loading  levels  in  excess  of  20%,  and  the  presence  of  other 
fuel  ingredients  lowers  the  maximum  AP  loading.  As  a  result  of  these 
tests  a  maximum  AP  loading  of  15%  was  selected  for  homogeneous  non- 
pelletized  fuel  blends.  A  typical  homogeneov  -  fuel  grain  is  shown  after 
testing  in  figure  86. 

(U)  Thirteen  pelletized  fuel  grains  were  tested  to  evaluate  the  concept  of 
pelletizing  to  obtain  high  AP  and  TFXA  or  TAZ  loading  in  a  nonsustaining 
fuel  grain.  Initial  tests  with  fuels  containing  pellets  of  TFTA  demonstrate 
that  smooth  and  uniform  regression  if;  possible  with  pelletized  fuels,  as 
shown  in  figure  87. 
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igure  83.  (U)  3.  5 -In.  Hybrid  Motor 


Figure  84.  (U)  5,0-In.  Hybrid  Motor 


WITH  NIT’IOGEN  ADDITIVE 


WITHOUT  NITROGEN  ADDITIVE 


WEIGHT  PERCENT  AMMONIUM  PERCHLORATE  IN  HYBRID  FUEL 


Figure  85,  (U)  Effect  of  AP  Loading  on  Fuel  Regression  Rate 


Figure  86,  (U)  3.5-In.  Homogeneous  Fuel  Grain  After  Test 


Figure  87,  (U)  3,  5-In.  Pelletized  Fuel  Grain  After  Test 
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(C)  The  3.  5 -in.  fuel  grains  were  formulated  and  tested  with  20%  TFTA/ 

15%  boron/45%  AP/20%  binder  in  which  the  TFTA  and  AP  were  in  the  form 
of  1/4-in.  -diameter  pellets.  These  and  other  tests  indicated  that  pelletizing 
was  feasible  and  that  it  may  be  possible  to  develop  a  nonsustaining  pelletized 
fuel  that  contains  as  much  as  45%  AP.  It  was  felt  that  the  motor  size  was 
influencing  the  data;  therefore,  the  pelletized  concept  was  transferred  to 
a  5.  0-in.  motor  for  more  complete  evaluation. 

2.2.2  5.  0-In.  Motor  Tests 

(C)  Forty  5.0-in.  motor  tests  were  conducted  to  evaluate  the  regression 
behavior  of  five  fuel  systems  that  are  of  interest  to  this  program.  The 
fuels  included  the  following  formulations: 

A.  35%TFTA/20%boron/15%  AP/30%  binder 

B.  35%  TFTA/20%  Al/ 15%  AP/30%  binder 

C.  22%  TFTA/nO%  borcn/38%  AP/20%  binder 

D.  22%  TFTA/20%  Al/38%  AP/20%  binder 

E.  45%  TFTA/20%  Al/357o binder 

(C)  The  tests  were  conducted  at  chamber  pressures  from  200  psi  to 
1250  psi  with  oxidizer  flow  rates  from  0.66  to  2.25  Ib/sec.  The  tests 
were  conducted  to  evaluate  the  regression  behavior  of  the  fuel  systems 
with  respect  to  oxidizer  mass  flux  and  combustion  chamber  pressure. 

(U)  These  formulations  represent  the  state  of  the  art  in  castable  pre¬ 
packaged  hybrid  fuels.  Fuels  A  and  B  (above)  contain  the  highest  practical 
loading  in  a  nonsustaining,  homogeneous  AP-loaded  fuel  grain.  Aluminum 
has  been  substituted  for  boron  in  three  formulations  to  provide  a  luds 
expensive,  but  also  slightly  less  energetic,  ingredient.  The  use  of  alumi¬ 
num  in  the  selected  fuel  formulations  will  be  limited  to  early  motor  develop¬ 
ment  tests. 

(U)  Fuels  C  and  D  (above)  represent  the  meocimuin  performance  attainable 
with  the  four  components  that  must  necessarily  ir.clude  pelletized  AP  to 
qualify  as  a  noneustaining  fuel  system. 

(C)  Fuel  E  (above)  represents  the  fuel  system  that  would  produce  a  high- 
performance  level  (295  sec)  without  AP,  but  must  use  an  oxidizer  containing 
CIO3F  that  provides  a  density  impulse  of  461  gm-sec/cc. 
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(U)  Twelve  light-sensing  probes  (fr ';ure  88)  were  used  in  each  nmotor 
test  to  charr.cterize  the  burning  fuel  surface  as  a  function  of  burning  time. 
A  computer  program  is  presently  being  used  to  fit  the  probe  data  by  a 
method  of  least-square  error  to  an  anticipated  regression  behavior  that  is 
expressed  by  the  relation; 


a  P 

c 


m 


(1) 


This  computer  program  was  used  with  notable  success  with  the  Li/LiH/ 
binder  fuel  system  in  Phase  I  of  this  program.  Although  it  is  of  assistance 
in  the  evaluation  of  the  fuel  systems  discussed  here,  its  accuracy  was 
diminished  because  of  nonuniform  burning  of  the  pelletized  fuels  and  by 
light  transmission  through  TFTA  crystals,  which  produced  false  signals. 

(U)  Analysis  of  the  results  of  these  tests  is  discussed  in  the  following 
paragraphs.  A  summary  of  the  tests  is  given  in  table  5  of  appendix  V. 

(C)  Eight  5.  0-in.  motor  tests  were  conducted  with  the  fuel  system  con¬ 
taining  35%  TFTA/20%  boron/ 15%  AP/30%  binder.  This  fuel  used  precom¬ 
pacted  TFTA  to  increase  solids  loading.  The  tests  were  conducted  using 
CIF3  at  nominal  flow  rates  of  0.  6,  1.  3,  and  2.  3  Ib/sec.  Nominal  chamber 
pressures  of  250,  500,  and  750  psi  were  achieved. 

(U)  Although  the  compute v  program  cannot  accurately  obtain  an  expres¬ 
sion  for  the  regressiti.'.  behavior,  sufficient  data  was  obta'.ned  to  determine 
that  no  pressure  sensil.vity  exists  anl  that  the  behavior  is  reasonably  well 
characterized  by  the  relationship 


f  =  0. 155  G 


0.75 


It  can  be  seen  in  figure  89  that  all  of  the  data  obtained  at  each  nominal  flow 
rate  is  essentially  unaffected  by  chamber  pressure.  The  equation  predicting 
fuel  regression  as  a  function  of  burning  time  produced  the  solid  lines  super- 
impos^'d  on  the  da.ta.  Because  of  data  scatter,  the  above  equation  is  not 
considereii  to  be  a  completely  accurate  analysis  of  the  fuel  regression 
behr.,v’ior,  but  would  be  sufficient  to  scaleup  to  full-scale  motors  for  the 
purpose  of  verification. 

(U)  Six  of  tha  eight  motor  firings  sustained  combustion  on  termination 
of  oxidizo-r  flow  rate.  The  data  and  postfire  condition  of  the  fuel  grains 
from  this  and  other  tests  suggest  that  the  presence  of  boron  decreases  the 
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FUEL  -  35%  TFTA/20^4  BORON/15%  AP/30 


BINDER 


0.538  LB/SECi-f 


DURATION,  sec 


1.347  IB/SEC 


DURATION,  sec 


2.230  LB/SEC 


DURATION, sec 


R-5l7gJ 


Figure  89.  (C)  Regression  Behavior  of  Fuel  Containing 

35%  TFTA/20%  Boron/ 15%  AP/,30%  Binder 


CONFIDENTIAL 


■■ 

■ 

1 

r 

T 

- 

: 

I 

t 

. 

r 

r 

r 

. 

_ 

1 

Ilia 

L 

— 

.. 

-1 1 

L  rr 

: 

t  1 

-s-.— j 

- 

i 

t 

.1 

! 

r. 

I. 

L 

r 

f. 

. 

■■ 

*- 

4 

j: 

- 

U- 

4 

AFRPL-TR-65-184  CONFIDENTIAL 


maximum  AP  level  for  nonsustaining  fuels.  In  addition,  the  effective 
loading  level  of  the  AP  is  increased  by  compacting  the  TFTA.  The  two 
nonsustaining  fuel  grains  were  both  at  higher  flow  rates,  which  suggests 
that  heat  soak  of  the  grain  at  lower  regression  rates  may  contribute  to 
sustained  combustion, 

(C)  Eight  5.  0-in.  motor  tests  were  conducted  with  the  fuel  system  (B) 
containing  35%  TFTA/20%  Al/ 15%  AP/307?  binder .  A  typical  fuel  grain  after 
testing  is  shown  in  figure  90, 

(U)  In  contrast  to  the  fuel  system  (A)  containing  35%  TFTA/20%  boron/ 

15%  AP/ 30%)  binder ,  this  fuel  did  not  sustain  combustion  after  termination 
of  oxidizer  flow,  although  the  only  change  in  ingredients  was  the  substitu¬ 
tion  of  aluminum  for  boron, 

(C)  The  regression  probe  data  shown  in  figure  91  were  not  amenable  to 
accurate  analysis.  However,  the  data  indicate  that  no  pressure  dependency 
exists  and  that  the  regression  behavior  can  be  approximated  by  the 
relationship 


f  =  0.  14  G 


0.51 


Figure  90.  (U)  Typical  5.  0-In.  Hybrid  Fuel  Grain  After  Test 

122 

CONFIDENTIAL 


CONFIDENTIAL 


OXIDIZER  FLOW  RATE 
w  =  0.652  Ib/sec 


OXIDIZER  FLOW  RATE 
w  ■  1  .343  Ib/sec 


OXIDIZER  FLOW  RATE 
w  =  2.246  Ib/sec 


TIME  BURNED,  sec 


Figure  91.  (C)  Regression  Behavior  of  Fuel  Containing 

35%  TFTA/20%  Al/  15%  AP/30%  Binder 
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However,  full-scale  motor  testing  discussed  in  paragraph  2.  ?  indicates 
that  this  relationship  is  in  error  by  10  to  15%. 

(C)  The  next  fuel  tested  was  the  system  (C)  containing  22%  TFTA/20%  boron/ 
38%  AP/20%  binder.  This  fuel  requires  pelletizing  of  AP  and  will  del’ver 
the  optimum  combination  of  specific  impulse  and  density  impulse.  This 
test  series,  with  the  fuel  system  (D)  containing  22%  TFTA/20%  Al/.''8%  AP/ 
20%  binder,  was  intended  to  demonstrate  the  feasibility  of  pelletizJi  i  AP 
to  prevent  sustained  combustion  and  obtain  an  optimum  formu'ation.,  Ei-^ht 
tests  were  conducted  with  each  formulation,  with  three  oxidiz... :  flow  ra  ‘s 
and  three  chamber  pressures, 

(U)  The  boron-containing  fuels  sustained  combustion,  leaving  a  sintered, 
hard  structure  of  fused  boron  (figure  92).  Apparently,  the  transpiration 
cooling  effect  of  the  other  combustion  products  in  the  grain  is  sufficient  to 
prevent  melting  or  vaporization  of  the  boron.  The  sustained  combustion 
may  be  caused  by  this  sintered  structure,  which  stores  energy  in  the  form 
of  heat  and  transmits  it  to  the  grain  after  shutdown.  It  appears  that  the 
boron  content  in  the  matrix  is  an  important  factor  in  producing  a  sintered 
structure.  The  boron  content  in  the  matrix  of  these  fuel  grains  was  50%, 
although  it  represented  only  20%  of  the  total  fuel.  Investigation  of  the 
sintering  phenomena  will  continue  under  Contract  No.  AF  04(6 11)- 10789. 


Figure  92,  (U)  5,0-In,  Fuel  Grain,  Postfire, 

Containing  Boron  and  Pelletized  AP 
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Figure  93.  (U)  Pressure  Effects  on  Pelletized  Hybrid  Fuels 

(Sheet  i  of  2) 
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(C)  The  fuel  system  (D)  containing  35%  TFTA/20%  Al/ 15%  AP/20%  binder 
also  uses  pelletized  AP.  In  the  eight  tests  conducted,  the  tendency  toward 
sustained  combustion  of  the  boron  fuels  was  not  exhibited  with  aluminum 
fuel.  These  tests  demonstrated  that  nonsustaining  fuels  are  feasible  with 
a  relatively  high  loading  of  AP  if  the  AP  is  pelletized.  No  pressure- 
sensitive  regression  behavior  is  evident  in  three  tests  conducted  at  an 
oxidizer  flow  rate  of  2.25  Ib/sec.  Figure  93  shows  the  fuel  grains  after 
testing.  The  difference  in  burned  web  indicates  a  slight  pressure  sensitive 
behavior,  which  can  be  expressed  by  the  following  proportionality  when 
considering  only  the  pressure  extremes: 


c 

At  lower  flow  rates,  any  existing  pressure-sensitive  behavior  is  hidden  in 
the  limited  accuracy  of  the  data.  This  result  is  caused  by  the  relative  size 
of  any  pressure  effect  produced  as  compared  to  the  diameter  of  the  AP 
pellets,  which  is  the  limitation  in  data  accuracy. 


TEST  L40277 
W  -2.23lb/i 
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(U)  Similarly,  the  fuel  regression  behavior  as  a  function  of  oxidizer 
mass  flux  is  inconsijtent  when  comparing  the  behavior  at  different  flow 
rates.  However,  the  extremes  in  average  regression  rata  at  common 
chamber  pressures  can  be  expressed  by  the  following  proportionality 


Q 

These  relationships  cannot  be  used  to  accurately  predict  me*  flow  rates, 
but  they  do  represent  approximate  pelletized  f  ’el  behavior  and  can  be  used 
in  preliminary  motor  test  calculations. 

(U)  No  attempt  was  made  to  fit  this  data  to  a  form  of  the  anticipated 
behavior  r  =  a  Gq"  because  it  must  deal  in  instantaneous  rather 

than  average  regression  rates,  and  precise  knowledge  of  the  fuel  port 
area  durin;:  the  test  is  not  known.  These  tests  indicate  that  pelletized 
fuels  are  entirely  feasible.  Although  fuel  regression  v/as  not  uniform 
(figure  94),  separation  of  the  AP  pellets  by  a  coating  should  produce  a 
uniform  regression  profile  in  the  grain. 

(C)  The  fuel  system  (E)  consisting  of  45%  TFTA/20%  Al/ 35%  binder  uses 
precompacted  TFTA  and  is  intended  for  use  with  an  oxidizer  containing 
CIO3F.  The  test  results  shown  in  figure  95  indicate  that  it  burns  v/ith  a 
relatively  low  regression  rate  (0.  04  in.  /sec)  as  compared  to  0.  07  in.  /sec 
for  the  four -component  fuel  and  0.  12  in,  /sec  for  Ike  pelletized  fuels.  The 
tests  indicate  that  a  low  degree  of  regression  rate  sensitivity  to  oxidizer 
mass  flux  and  very  little,  if  any,  sensitivity  to  chamber  pressure. 

(U)  The  regression  behavior  is  smooth  and  uniform  as  shown  in  figure  96- 
Precise  determination  of  the  mathematical  relationship  for  regression  is 
limited  by  the  compacted  TFTA  grains  vKich  are  translucent  and  produce 
false  signals.  These  errors,  coupled  with  the  low  rate  of  regression,  can 
produce  completely  erroneous  trends  s.11  the  behavior  of  the  fuel.  However, 
the  regression  rate  was  found  to  be  insensitive  to  chamber  pressure  and 
related  to  oxidizer  mass  flux  by  the  expression,  r  ocGo®'*®.  when  the 
extremes  in  average  regression  rate  are  evaluated. 

2.  3  TWELVE -IN.  MOTOR  TESTS 

(U)  Six  tests  were  conducted  with  three  l2-in.  filament-wound  motors  of 
the  basic  design  discussed  in  paragraph  1.4.  The  tests  were  conducted  to 
evaluate  processing  techniques,  regression  behavior,  fuel  utilization,  and 
relative  performance  of  multiple  component  fuels.  In  addition,  the  tests 
were  used  to  evaluate  lightweight  nozzles  and  injector  designs. 
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FUEL  -  22%  TFTA/20%  ALUMlNUM/38%  AP/20%  BINDER 
WITH  PELLETIZED  AP 


'ox(AVG)  LB/SEC 


837.3  PSIA 


DURATION,  sec 


ox(AVG) 


579.3  PSIA 
974.0  PSIA 


DURATION,  sec 


ok(AVG)  -  2-235  I.B/SEC 


266.3  PSIA 

389.3  PSIA 

764.3  PSIA 


0.094 


DURATION 


R-SlTT* 


Figure  94.  (C)  Regression  Behavior  of  Fuel  Containing 

22%  TFTA  /  20%  A1  /  38%  AP  (Pelletized)/20%  Binder 
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0.609  LB/SEC 


036  IN. /SEC 


DURATION,  sec 


1 .366  LB/SEC 


’ox(AVG) 


3  PSIA 


DURATION,  sec 


2.213  LB/SEC 


ox(AVG) 


3  PSIA 


mm 


DURATION,  sec 


Figure  95.  (C)  Regression  Behavior  of  Fuel  Containing 

45%TFTA  (Comp£cted)/20%A1  /35%  Binder 
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Figure  96,  (U)  Three -Component  Fuel  System  with  Compacted  TFTA 


(C)  The  fuel  system  consisted  of  35%  TFTA  (compacted)/20%  A1/15%AP/ 
30yo binder,  A  typical  12-in.  fuel  grain  is  shown  in  figure  97,  Four  tests 
were  conducted  with  motor  No.  008  using  CIF3  as  oxidizer.  These  tests 
were  designed  to  evaluate  motor  behavior  as  a  function  of  burning  time. 

The  two  remaining  tests  were  designed  to  evaluate  fuel  utilization  and 
motor  performance  in  single-start  30-sec  duration  tests.  The  oxidizer 
used  in  these  tests  was  an  82%C1F3  and  18%C103F  mixture. 

(U)  The  test  results  indicate  that  relative  performance  levels  were 
attained,  which  are  consistent  with  test  data  for  the  Li/LiH/binder  fuel 
and  FLOX.  Predictable  fuel  utilization  was  obtained  with  the  first  motor. 
Lightweight  injectors  and  nozzle  designs  were  demonstrated  on  all  three 
motor  tests.  However,  motors  No.  009  and  010  sustained  combustion  on 
termination  of  oxidizer  flow.  No  change  had  been  made  in  the  fuel  formulation. 

2.  3.  1  Motor  No,  008 

(C)  This  motor  was  fired  in  four  tests  of  5,  5,  5,  and  15 -sec  duration. 
The  motor  configuration  (figure  9-8)  was  identical  to  those  used  in  Phase  I. 

A  conventional  hollow-cone  injector,  splash  block,  and  mixer  assembly 
were  used.  The  motor  was  ignited  v.-lh  CIF3  at  a  flow  rate  of  12.  651b/sec, 
of  which  1.  0  Ib/sec  was  injected  through  the  aft  injector.  After  each  test, 
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Figure  98.  (U)  12-In.  Hybrid  Motor  Firing 
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the  motor  was  removed  from  the  test  stand,  weighed,  and  reinstalled  for 
the  subsequent  firing.  No  difficulty  was  encountered  in  shutting  down  the 
motor.  Internal  inspection  of  the  motor  was  conducted  to  evaluate  the 
regression  behavior  as  a  function  of  test  duration. 

(C)  The  motor  delivered  relative  performance  levels  from  90  to  95%,  as 
shown  in  table  Vlll.  The  performance  levels  are  entirely  consistent  with 
those  obtained  in  12-in.  motor  tests  prior  to  Phase  II. 

TABLF  VUl 


RELA 

TIVE 

PERFORMANCE 

LEVELS 

Test 

Thrust  (avg) 

Pc 

tb 

lap 

(1000/14.7) 

Performance 

No.  . 

lb 

psia 

sec 

sec 

% 

298 

4079 

245 

4.  86 

251 

95.  4 

299 

3611 

223 

4.  92 

239 

94,  3 

300 

3402 

214 

5.02 

229 

91.  3 

301 

2656 

169 

14.81 

211 

90.9 

(C)  The  high  performance  levels  compare  favorably  with  the  previous 
high  of  94%  obtained  with  the  lithium  fuel  system  and  FLOX.  The  decay  in 
performance  with  burning  time  is  attributed  to  the  erosion  of  tlie  mixer 
lobes,  which  were  nearly  gone  after  the  final  test.  The  performance  level 
at  30-sec  duration  (90,  9%)  is  consistent  with  motor  No.  007,  which  did  not 
use  a  mixer  but  relied  only  on  aft  injection  to  induce  mixing, 

(U)  The  fuel  flov'  rates  and  .regression  rates  were  slightly  lower  than 
predicted  by  the  subscalc  data.  The  error  in  average  regression  rate 
amounts  to  approximately  15%,  and  probably  results  from  inaccuracy  of  the 
5.  0-in.  motor  data.  With  the  exception  of  a  slight  contouring  near  the 
injector,  fuel  regression  was  uniform  and  as  predicted,  both  axially  and 
laterally.  The  fuel  grain  is  shown  in  figure  99,  viewed  through  the  nozzle 
after  each  test.  The  near  complete  fuel  utilization  is  evident,  as  shown 
in  figure  100,  The  only  fuel  remaining  that  could  not  be  accounted  for,  as 
predicted,  was  a  sliver  of  consumed  fuel  located  at  the  head-end  near  the 
injector.  The  motor  burned  82%  of  all  fuel  available,  of  which  approxi¬ 
mately  9%  was  left  in  the  sliver  and  9%  was  associated  with  the  contoured 
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5.0  SECOKCS 


10.0  SECONDS 


15.0  SECONDS 


R-5:792 


Figure  99.  (U)  Photo  Sequence  of  Motor  008  — 

Fu  ji  Grain  After  5,  10,  and  15  sec  Duration 
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grain  near  the  injector  The  riliver  loss  can  be  reduced  to  approximately 
3%  in  flight-configuration  grain  shapes  by  elimination  of  the  splash  block 
and  proper  design  of  injectors.  Thus,  an  increase  in  fuel  utilization  to 
better  than  95%  should  be  feasible  in  a  flight-configuration  motor  design. 

(U)  The  f plash  block  (figure  101)  shows  evidence  of  a  significant  quantity 
of  PBAN  having  been  consumed  during  the  test.  The  PBAN  insulation  in 
the  cift  closure  was  completely  consumed  during  the  first  5.  0-sec  test. 

The  splash  block  and  aft  closure  insulation  contributed  to  produce  a 
decreasing  thrust  indicated  in  table  VIII.  An  illuminated  exhaust  plume 
shown  in  tV  first  frames  of  a  sequence -camera  coverage  indicate  that 
large  quantities  of  carbon  in  the  form  of  PBAN  were  consumed  in  the  first 
few  seconds  of  operation. 

(U)  The  mixer  assembly  shown  sectioned  in  figure  102  sustained  little 
erofciion  in  the  cylindrical  portion,  which  accumulated  only  0,  3  in.  of  char, 
but  the  ceramic-foam  mixer  spokes  were  nearly  consumed. 

(U)  A  carbon-cloth  phenolic  nozzle  with  an  ATJ  graphite  nozzle  insert 
was  used  in  each  test.  In  this  test,  as  in  the  others,  the  nozzle  throat 
dimensions  remained  essentially  unchanged  during  the  motor  test.  How¬ 
ever,  high  conductivity  of  the  material  in  the  nozzle  ski**t  assembly  resulted 
in  complete  charring  of  the  skirt  and  burning  of  the  overwrap  glass -epoxy 
structure.  Althouph  the  nozzle  remained  intact  throughout  the  test  sequence, 
the  completely  charred  carbon -cloth  material  delaminated  in  handling  after 
the  test.  The  reconstructed  nozzle,  shown  witli  the  mixer  in  figure  102, 
shows  no  erosion  in  the  carbon-phenolic  skirt.  A  carbon -phenolic  liner, 
when  combined  with  a  lightwbight  insxilator,  should  resul'  in  a  durable 
nozzle  capable  of  surviving  the  required  duty  cycle, 

2.  3.  Z  Motor  No.  009 

(C)  motor  was  tested  in  a  single  firing  of  30-sec  duration  with  a 

ClFj  and  CIO3F  mixture.  The  motor  used  an  internal  configuration  identi¬ 
cal  to  that  of  motor  No,  008,  except  for  the  substitution  of  a  poppet  injector 
(figure  1C3).  The  poppet  injector  design  was  qualified  in  5.  Q-in.  meter 
tests,  and  the  success  ail  use  of  lightweight  poppet  injector  in  these  tests 
has  proved  their  suitc.bility  for  use  in  full-scale  propulsion  systems. 

(C)  The  injector,  which  produces  an  axial  spray  pattern,  resulted  in  a 
reduction  in  tlie  splash  block  consumption.  The  fuel  sustained  combustion 
on  shutdown,  prohibiting  accurate  determination  of  fuel  consumption.  The 
sustained  coinbustion  is  attributed  to  several  factors,  including  a  higher 
flame  temperature  with  C103F  in  the  oxidizer  and  a  longer  test  duration, 
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The  fact  that  it  sustained,  in  contradiction  to  5.0-in.  subscale  motor  test 
data,  is  attributed  to  the  TFTA  compaction.  The  compacting  of  TFTA 
increased  the  effective  loading  of  AP  in  the  matrix  to  23%,  a  level  which 
is  known  to  be  marginally  sustaining. 

(U)  The  splash  block  was  badly  charred  as  a  result  of  sustained  com¬ 
bustion.  The  mixer  section  sustained  a  char  and  erosion  pattern  comparable 
to  that  of  motor  No.  008. 

(U)  The  nozzle  ascrmbly  was  identical  to  that  of  motor  No.  008.  The 
exit  skirt  of  the  nozzle  was  ejected  after  approximately  20-sec  duration 
due  to  a  delamination  failure.  However,  tlie  ATJ  graphite  throat  insert 
showed  no  erosion  after  30  sec  of  firing. 

3.  3  Motor  No.  010 

(U)  Motor  No.  010  incorporated  a  minor  design  change  in  the  mixer 
section,  which  included  a  graphite -phenolic  three-lobe  mixe.r  rmd  a  ceramic... 
foam  plenum  wall,  which  was  reduced  in  thickness  to  0.  50  in.  The  mixer 
incorporated  a  graprdte  cloth,  impregnated  with  a  refracte:  y -filled  high- 
char  phenolic  resin  system.  To  provide  the  best  resistance  to  hot-gas 
flow,  the  mixer  was  fabricated  with  the  cloth  lamination  orientsd  90”  to 
the  motor  centerline.  The  motor  used  the  poppet  injector  used  with 
motor  No.  009. 

(U)  The  motor  was  fired  for  a  30-sec  duration  eind  sustained  combustion 
zifter  oxidizer  flow  termination.  However,  after  this  test  some  fuel  was 
retained  by  purging  the  motor  with  liquid  nitrogen.  In  this  way,  it  was 
possible  to  observe  the  posttest  condition  of  the  fuel  grain.  The  condition 
of  the  grain  indicated  that  the  sustained  combustion  may  propagate  from 
the  rear  of  the  motor,  being  forced  by  radiant  heat  from  the  mixer  and 
nozzle  assembly. 

(U)  The  splash  block  (figure  104)  shows  considerably  less  consumption 
than  that  of  motor  No.  008,  and  the  resulting  thrust  trace  was  noticeably 
flatter,  indicating  that  the  fuel  flow  rate  is  essentially  constant.  The  fuel 
flow  rate  cf  the  threa-apoke  grain  shape  is  essentially  constant  with  a  fuel 
having  a  regression  rate  proportionality  of 


0.S 
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Figure  104,  (U)  Splash  Dlock  From  Motor  010  After  Test 
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(U)  The  mixer  baffle  ihown  in  figures  105  and  106  survived  without  sig¬ 
nificant  erosion,  although  delainination  occurred.  The  thinned  mixer  sec¬ 
tion  shews  a  char  depth  of  0,  3  after  30-sec  duration.  The  nozzle  assembly 
wac  identical  to  the  previous  tests  and  endured  the  tost  in  a  similar  manner. 
However,  the  weakened  structure  was  easily  broken  during  dismcuitling, 
operations. 

(C)  In  spite  of  fuel  lost  during  the  sustained  burning  period  after  test, 
the  motor  delivered  a  specific  impulse  of  2Z3  sec  (1000/14.  7)  at  a  pressure 
of  250  psJ.  The  performance  level  was  89%  of  the  tlieoretically  attainable, 
in  spite  of  the  fuel  lost  after  motor  shutdown. 

(U)  Motor  No.  010  was  to  have  been  tested  at  two  thrust  levels,  repre¬ 
senting  100%  and  50%  thrust  using  the  full-scale  dual  manifold  hollow-cone 
injector  shown  in  figure  107.  However,  late -developing  injector  leaks 
prevented  use  of  the  injector  on  this  program.  Single -element  dual-manifold 
injectors  similar  to  this  one  have  been  successfully  tested  under  Contract 
No.  AF  04(6 11)- 10789. 

2.  4  QUALITATIVE  PREDICTION  OF  THE  RELIABILITY  AND  MAIN¬ 
TAINABILITY  OF  STORABLE  PREPACKAGED  MOTORS 

(U)  Based  on  expeririental  data  presently  available,  an  estimate  can.  be 
made  of  the  relative  reliability  and  maintainability  of  earth-storable  pre- 
pacl^aged  hybrid  rocket  motors  should  they  be  reduced  to  operational  use, 
utilizing  the  technology  acquired  under  this  program.  This  specific  pro- 
grar.".  has  been  primarily  concerned  with  developing  technology  relative 
to  ihe  thrust  chamber  assembly  (TCA),  which  includes  tbs  oxidizer  valve, 
injeciroi  s,  fuel  grain,  and  nozzle.  Of  these  components,  the  two  most 
significant  items  pertinent  to  the  reliability  and  maintainability  of  hybrids 
are  the  injectors  and  fuel  grain,  the  remaining  components  being  based  on 
state  of  the  art  liquid  and  solid  rocket  technology. 

(U)  The  primary  injectors  used  in  the  full-scale  motors  have  injector 
port  openings  approximately  0.  4  in.  in  diameter.  This  relatively  large 
opening  is  expected  to  lead  to  greatly  simplified  maintenance  and  increased 
reliability.  Injector  openings  of  this  size  are  virtually  immune  to  plugging 
by  particles  in  the  oxidizer  supply  and  from  manufacturing  defects. 

(U)  The  fuels  investigated  under  this  program  will  not  sustain  combustion 
in  the  absence  of  oxidizer;  as  a  result,  thero  is  little  or  no  possibility  of 
inadvertent  ignition  or  fire  and  no  possibility  of  detonation.  In  addition, 
since  the  hybrid  burning  process  is  controlled  predominantly  by  liquid  flow, 
th?  solid  graiu  surface  does  not  determine  the  combustion  pressure.  There¬ 
fore,  unlike  solid  propellants,  cracks  or  voids  in  a  hybrid  fuel  grain  do  not 
lead  to  faster  or  \incontrollable  burning. 
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Phenolic  Mixer  Baffle  After  Test 


Figure  107.  (U)  Dust  Orifice  Injector  Assembly 
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IMPLICATIONS  OF  PRESSURi:-SENSITIVE 
HYBRID  FUEL  SYSTEMS 
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(U)  The  implications  of  pressure-sensitive  fuel  systems  include  the  possi¬ 
bility  of  developing  a  fuel  system  that  would  be  throttleable  with  primary 
oxidizer  injection  only.  Conventional  hybrid  fuels  require  aft-end  injection 
of  oxidizer  during  throttling  to  maintain  a  constant  mixture  ratio. 

(U)  A  pronounced  pressure  sensitivity  has  been  observed  with  hybrid 
fuels  containing  TKA  and  TAZ,  Data  from  motor  firings  conducted  on  pro¬ 
grams  sponsored  by  UTC  indicated  that  the  regression  rate  of  these  fuels 
is  dependent  upon  combustion  chamber  pressure  (P^)  raised  to  some  expo¬ 
nent  (m).  The  conventional  dependency  of  regression  rate  on  oxidizer  mass 
flux  also  exists,  which  leads  to  the  assumption  that  the  total  regression 
behavior  is  expressed  by 


r  =  a  P 


m 


(G  ') 
o 


(1) 


where: 


« 

r 

a 


P 

c 

G  ' 
o 

• 

w 

ox 

A 

p 


regression  rate,  in. /sec 
constant 

combustion  chamber  pressure,  psia 

instantaneous  oxidizer  mass  flux  (w  /A  ),  Ib/sec-in^ 

ox  p 

oxidizer  flow  rate,  Ib/sec 

•  .  z 

instantaneous  gram  port  area,  in. 


The  implications  of  this  dependency  include  the  possibility  of  developing  a 
fuel  system  that  would  be  throttleable  with  forward-end  oxidizer  injection 
only.  Conventional  hybrid  fuels  require  aft-end  oxidizer  injection  during 
throttling  to  maintain  optimum  mixture  ratio. 


(U)  If  it  is  assumed  that  motor  thrust  is  a  linear  function  of  total  propel¬ 
lant  flow  rate,  that  constant  mixture  ratio  (O/F)  is  maintained,  and  that 
the  regression  rate  relationship  (equation  1)  is  applicable,  then  the  thrust 
of  hybrid  motors  with  pressure-sensitive  fuels  is  expressed  by: 


F 

n 


I  (w 
sp  ox 


(2) 
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in  which 

Wf  =  p  L  i  (3) 

where: 

F  =  motor  thrust,  lb 
n  ’ 

P  =  fuel  density,  Ib/in? 

Li  =  grain  length,  in. 

=  fuel  flow  rate,  Ib/sec 
=  burning  perimeter  of  the  fuel  grain. 


Substituting  equation  1  into  the  above  yields: 


(4) 


If  combustion  efficiency  is  assumed  constant  over  the  entire  throttling 
range,  chamber  pressure  can  be  expressed  as  a  linear  function  of  total 
propellant  flow  rate: 


P 

c 


c*  (w 

ox 


g 


where: 

c*  =  characteristic  exhaust  velocity,  ft/ pec 
=  nozzle  throat  area,  in? 
g  u  gx-avitationai  constant. 

Substitutiing  the  above  equation  for  chamber  pressure  yields 
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therA 


where  all  factors  except  oxidizer  flow  are  constant. 


above  relationship  describes  motor  thrust  as  a  linear  function  of 
forward-end  oxidizer  flow  rate  only  if  the  sum  of  the  exponents  (m  +  n)  is 
equal  to  1.  0. 


(U)  Because  of  grain  design  consideration,  the  Gq'  exponent  (n)  should 
be  equal  to  or  less  than  0.  5.  Therefore,  a  throttleable  hybrid  motor  using 

pressure  exponent  (m)  is  greater 
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APPENDIX  II 

METHOD  FOR  DETERMINING  REGRESSION  RATE 
EQUATION  FOR  PRESSURE-SENSITIVE  FUEL  SYSTEM 


153/154 


AFRPL-TR-65-  lb4 


(U)  The  method  by  which  a  regression  rate  characterization  equation  is 
obtained  consists  of  determining  the  exponents  m  and  n  and  the  coefficient  a 
of  the  anticipated  form  of  the  equation 

.  _  m  _  n  , 

r  =  aP  G  1 

c  o 

where 

f  =  regression  rate,  in. /sec 

a  =  coefficient 

P^  =  chamber  pressure,  psi 

G  =  oxidizer  mass  flux,  Ib/sec-in.^ 
o 

m  =  pressure  exponent 
n  =  ''xidizer  mass  flux  exponent. 

(U)  For  a  particular  test  with  a  constant  oxidizer  flow  rate  and  virtually 
constant  chamber  pressure,  for  a  cylindrical  grain 


Because  R  is  nov/  the  only  variable, 

r  =  CR"*"  (3) 

where  C  is  a  constant,  including  the  other  terms.  Therefore,, 

In  r  =  -2n  InR-lnC.  (4) 

(U)  By  taking  the  differences  in  AR  and  time  between  probe  data  points, 
average  values  of  regression  rate  (AR/At)  can  be  determined.  By  a 
method  involving  the  calculation  of  least  square  error,  the  values  of  the 
terms  n  and  C  in  equation  4  can  be  determined  to  fit  the  data  best. 
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(U)  Integration  of  equation  3  results  in 

Rzn+i  _  zn+i  ^  c  (2n  +  l)t  (5) 

o 

where  R  is  the  instantaneous  port  radius  corresponding  to  the  time  (t)  and 
Rq  is  the  initial  port  radius.  By  substituting  the  determined  values  of  n  / 
into  equation  5  with  measured  values  of  initial  and  final  fuel  port  measure¬ 
ments  and  burning  time,  the  value  of  C  can  be  determined. 

(U)  Because  C  is  a  function  of  the  values  of  C  between  any  two 

tests  can  be  used  to  determine  the  value  of  the  cxpoiient,  m,  with  the 
following  relationship: 


(6) 


Since  C  =  a  Pc^Mwqjj/itP  and  all  terms  are  now  known  except  a,  it  can  be 
calculated  and  included  in  the  fuel  characterization  equation 
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THERMOCHEMISTRY  OF  A  HIGH-NITROGEN 
PROPELLANT  INGREDIENT 


INTRODUCTION 

(C)  On  the  basis  of  an  estimated  heat-of-formation  value  of  tetraformal- 
trisazine  (TFTA)  ranging  from  +27  to  +iZ0  kcal/mole  (depending  on  the 
assigned  bond  energies)  and  the  inexpensive  nature  of  the  starting  material 
used  in  synthesizing  the  amine,  TFTA  appears  to  be  a  similarly  energetic 
but  more  economical  substitute  for  propellant  ingredients  such  as  THA, 

TAG,  and  TAZ.  However,  the  theoretical  potential  of  TFTA  as  a  propel¬ 
lant  ingredient  depends  to  a  large  extent  upon  the  heat  of  formation  assigned 
to  the  compound.  Owing  to  variations  in  the  theoretical  specific  impulse 
which  can  be  ascribed  as  a  result  of  the  uncertainties  in  the  heat  of  forma¬ 
tion  estimated  from  bond  energies,  it  is  necessary  to  define  the  heat  of 
formation  from  experimental  heats  of  combustion  to  obtain  a  valid  evaluation 
of  the  potential  of  this  material.  The  structural  formula  foi  TFTA  is 
shown  below. 
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THEORETICAL  CONSIDERATIONS 

(C)  The  heat  of  formation  of  a  compound  can  be  derived  from  experi¬ 
mental  heat-of-combustion  data  provided  the  ecr.ccntratioiia  <inu  heats  of 
formation  of  the  combustion  products  are  known.  The  concentrations  of 
V'he  combustion  products  can  be  determined  by  direct  chemical  analysis  or 
computed  from  the  empirical  fonnula  of  the  compound,  assuming  complete 
reaction.  The  latter  technique  can  be  successfully  applied  to  oxygen  bomb 
calorimetry  of  organic  compunds  where  combustion  is  generally  stoichio¬ 
metric,  yia.ding  water,  carbon  dioxide,  and  nitrogen. 


159 

CONFIDENTIAL 


AFRPL-TR-65-184  CONFIDENTIAL 


(C)  For  TFTA,  the  complete  combustion  reaction  (i.  e  ,  the  lowest 
energy  state)  under  bomb  conditions  is; 


4  CO2 +  6H2O  + 3N2 +Q  (1) 

where  Q  is  the  energy  change  of  the  combustion  reaction  under  constant- 
volume  and  constant-pressure  conditions,  as  An(g)  =  0. 

From  Hess'  Law,  the  heat  of  formation  of  TFTA  utilizing  equation  1 
becomes; 

AHj  =  4AH^C02(g)  +  3AH^N2(g)  -  TAH^O^^'g)  -  Q  .  (2) 


Substituting  known  he  at -of- formation  values  for  the  appropriate  terms, 
equation  2  reduces  to  the  following: 

AH^  =  -786.  1  -  Q  .  (3) 

APPARATUS  AND  TECHNIQUE 

(C)  Combustions  were  conducted  in  a  standard  stainless  steel  oxygen 
bomb  (Parr  Instrument  Company)  immersed  in  demineralized  water  in  a 
cylindrical  7-liter  silvered  Dewar  flask.  Extending  through  holes  in  an 
aluminum-encased  polystyrene  foam  lid  were  a  metal  stirrer,  a  glass- 
sheathed  platinum  resistance  thermometer,  the  igniter  wires,  and  two 
calibration  heaters  wired  in  parallel. 

(C)  The  sample  was  ignited  by  passing  an  electrical  current  supplied 
by  a  standard  Parr  transformer  through  a  short  length  of  fuse  wire  between 
electrodes  inside  the  bomb.  Temperatures  of  the  calorimeter  water  bath 
were  determined  from  measurements  with  a  platinum  resistance  ther¬ 
mometer  using  a  Mueller  bridge. 

(C)  The  heat  capacity  of  the  calorimeter  was  determined  electrically 
by  passing  a  known  current  through  heaters  of  known  resistance  for  a 
measured  time  period  and  then  following  the  temperature  rise  of  the 
system. 

(C)  Corrections  made  for  the  observed  heat  rise  during  combustion 
included  those  for  nitrogen  oxides,  the  oxidation  of  the  nichrome  fuse  wire, 
and  the  heat  leak  of  the  calorimeter, 
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PROCEDURE 

(C)  A  0.  1-  to  0.  E-g  sample  of  TFTA  was  weighed  in  the  combustion  cup 
to  an  accuracy  of  ±0.  1  mg.  The  cup  was  placed  in  the  bomb,  and  a  10-cm 
length  of  nichrome  fuse  wire  was  installed  between  the  electrodes  in  such 
a  manner  that  the  wire  rested  about  1-mm  above  the  sample.  Five  ml  of 
demineralized  water  were  added  to  the  bomb  to  absorb  nitrogen  oxides 
formed  in  the  combustion.  The  bomb  was  then  closed,  pressurized  slov/ly 
to  25  to  30  atm  with  oxygen,  and  placed  in  the  bottom  of  the  Dewar  flask. 

The  electrical  leads  were  attached  and  approximately  4  liters  of  deminer¬ 
alized  water  were  added,  covering  the  bomb  and  immersing  the  stirring 
paddle,  the  resistance  thermometer,  and  the  calibration  heaters.  Stirring 
was  commenced  at  a  predetermined  constant  rate  such  that  equilibration 
time  between  Ignition  and  attainment  of  the  final  drift  rate  was  a  minimum. 
Periodic  temperature  measurements  were  made  until  a  steady  initial  drift 
rate  was  observed.  At  the  end  of  this  period,  the  firing  circuit  was  energized. 
Temperature  measurements  w.»re  taken  during  the  heat-release  period  and 
attainment  of  the  new  steady  state  and  continued  at  intervals  to  determine 
the  drift  rate  at  the  higher  temperature. 

(C)  In  a  similar  manner,  the  heat  rise  was  then  determined  during  a 
1-min  electrical  calibration  period,  during  which  time  the  average  current 
flow  through  the  heaters  was  determined  from  the  voltage  drop  across  a 
standard  resistance. 

(C)  Three  corrections  were  made  for  the  observed  heat  generated  in  each 
experiment.  The  first  correction  was  made  on  the  basis  of  nitrogen  oxides 
formed  in  the  combustion  (instead  of  molecular  nitrogen  as  assumed  in 
equation  1)  and  from  atmospheric  nitrogen  initially  in  the  bomb  before 
pressurization.  This  correction  was  determined  by  titrating  the  bomb 
washings  with  standard  alkali  after  combustion.  The  total  acidity  found 
was  assumed  to  be  nitric  acid,  and  a  subtractive  correction  of  13.  6  cal/ 
millimole  of  nitric  acic  was  made  on  the  observed  heat  release. 

(C)  A  second  subtractive  correction  was  applied  to  the  observed  heat 
release  to  account  for  the  oxidation  of  the  nichrome  fuse  vnre.  As  the 
known  caloric  value  of  this  type  of  fuse  is  2.  3  cal/cm,  the  length  of  un¬ 
burned  fuse  was  measured  and  the  number  of  calories  liberated  by  the 
oxidized  portion  subtracted  from  the  total  heat  released. 

(C)  In  those  cases  where  the  initial  and  final  drift  rate  periods  had 
unequal  slopes,  the  true  temperature  rise  for  the  reaction  was  determined 
by  subtracting  a  heat-leak  correction  employing  ^he  aver;, ge  slope  of  the 
two  drift  lines  and  the  time  separating  these  steady  states  from  the  observed 
equilibrium  temperature  rise.  A  time-temperature  curve  in  which  this 
correction  was  not  necessary  is  shown  in  figure  III-l. 
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MATERIALS 

(C)  All  materials  were  used  as  received.  Samples  designated  by  A  were 
recrystallized  from  water;  those  designated  by  B  were  washed  after  prepa¬ 
ration  with  methanol,  while  C  samples  were  extensively  extracted  with 
methanol  after  preparation.  The  infrared  spectrum  of  the  C  samples  was 
equivalent  to  the  published  spectrum  for  TFTA, 

RESULTS 

(C)  The  results  of  the  combustion  experiments  in  terms  of  observed  heat 
generation,  the  corrections  made,  and  derived  heat-of-formation  values  are 
summarized  in  table  III-l. 

DISCUSSION 

(C)  As  can  be  noted  from  table  I,  there  is  a  wide  discrepancy  in  the 
experimentally  derived  heat-of-formation  value  of  sampl“  A  in  comparison 
to  the  values  obtained  for  samples  B  and  C.  This  discrepancy  is  consiste.it 
with  the  theory  that  sample  A  i.a  of  different  composition  than  the  other 
samples,  and  the  wide  variation  from  theoretical  supports  the  hypothesis 
that  sample  A  is  not  entirely  TFTA.  Before  combustion,  sample  A  had  a 
strong  odor  of  ammonia  whereas  samples  B  and  C  were  odorless.  The 
combustion  reaction  of  sample  A  appeared  to  proceed  at  a  different  rate 
from  that  of  sample  B  or  C,  and  a  sharp,  audible  detonation  occurred  in  the 
latter  case  but  not  the  former.  Inspection  of  the  bomb  interior  after  the 
combustion  of  sample  A  revealed  the  presence  small  amounts  of  a  yellow 
liquid  which  was  not  present  in  the  cas"  of  sample  B  or  C.  Finally,  the 
amount  of  nitric  acid  formed  per  gram  of  sample  A  was  approximately 
one-half  that  of  sample  B  or  C. 

(C)  The  slightly  more  endothermic  heat-of-formation  values  of  sample  C 
compared  to  sample  B  may  be  rationalized  by  assuming  that  the  additional 
washing  in  methanol  removed  small  amounts  of  impurities. 

(C)  Two  separate  cross-checks  indicated  that  combustion  occurred  to 
the  same  extent  in  all  of  the  combustion  reactions  with  sample  C.  First, 
the  amount  of  nitric,  arid  produced  from  a  corr.buoliun  should  be  directly 


*  Materials  were  prepared  and  provided  by  Dr.  E.  G.  Vessel. 

**  "Development  of  High-Nitrogen  Polymers,  "  Annual  Progress  Report 

1  June  1960  to  31  May  1961,  Contract  AF  04{6  1 1)-5689,  Food  Machinery 
and  Chemical  Corporation,  Inorganic  Research  and  Development 
Department,  Princeton,  N.  J.  ,  1961. 
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proportional  to  the  sample  size.  Secondly,  the  derived  heat-of-formation 
value  should  be  quite  sensitive  to  variations  in  the  extent  of  combustion. 

The  consistency  of  the  nitric  acid  values  and  derived  heats  of  formation 
are  indicative  of  complete  combustion  in  each  experiment. 

(C)  The  heat  of  formation  results  of  runs  5  through  9  can  be  interpreted 
with  a  precision  of  +83.  9  ±  1.  7  kcal/mole  at  21.  3°  C.  The  heat  of  combus¬ 
tion  results  can  be  similarly  interpreted  as  -6.  033  ±0.012  kcal/ g  at  21 .  3 ”  C. 

(C)  To  obtain  an  indication  of  the  accuracy  of  the  above  results,  a  sample 
of  standard  benzoic  acid  having  a  National  Bureau  of  Staud^^rds  certified 
heat-of-con.'bustion  value  of  -6.  318  kcal/g  vas  burned  under  identical  condi¬ 
tions  to  that  of  TFTA.  A  1.  1640 -g  pellet  of  the  standard  benzoic  acid 
liberated  7.  368  kcal  in  a  calorimetric  system  of  4.  3646  kcal/degree  heat 
capacity,  resulting  in  a  heat-of-combustion  value  of  -6.  3j0  kcal/g.  The 
difference  between  the  two  heat-of-combustion  values  can  be  expressed  as 
0.00163  kcal  difference/kcal  liberated.  Applying  this  correction  to  the 
average  heat-of-formation  value  of  TFTA  gives  an  accuracy  limitation  of 
+83.9  ±1.5  kcal/mole. 
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APPENDIX  IV 

ASSEMBLY  DRAWING  OF 
12-IN.  FILAMENT -WOUND  HYBRID  MOTOR 
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APPENDIX  V 
SUMMARY  OF  MOTOR  TESTS 
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PREPACKAGED  HYBRID  PROP 


TABLE 


3.  5 -IN.  MOTOR  FUEL 
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U.  S.  DEpARTUSNT  OF  THE  INTERIOR 
BUREAU  OF  aiNEiJ  CP-3 

43CU  FORBES  AVENUE, 

PITISSURGH,  PA.  15213 

ATTN:  U.  M.  DOLINAR.  RSPTS  LIBRARIAN 
EXPLOSIVES  RESEARCH  OBNTSR(l) 


CEfSTRAL  INTELLIGENCE  AGENCY  CP-6 
2430  E  STREET,  N.i. 

SfASHiNQTO;.  I».C.  20305 


ATTN;  OCD,  STANDARD  DIST. 


(1) 


OFFICE  OF  THE  DIRECTOR  OF  DEFENSE 
RESEARCH  AND  ENGINEERING  CP-7 

WASHINGTON,  D,C,  20301 


ATTN:  DR. 
ASST.  DIR. 
(V) 


H.».  SCHULT,  OFFICE  OP 
(CHEU.  TECHNOLOGY) 


NAT'L  AERONAUTICS  4  SPACE  ADNIN. 
WANNED  SPACECRAFT  CENTER  •  CP-IO 
P.  0.  BOX  1537 
HOUSTON,  TEXAS  77001 


ATTN:  LIBRARY 


(1) 


I 

NAT’L  AERONAUTICS  4  SPACE  AD'ilN. 
LANGLEY  RESEARCH  CENTER  CP-12 


LANGLEY  AIR  FORCE  BASE 
VIRGINIA  23365 

ATTN:  LIBRARY 


NAT'L  AERONAUTICS  4  SPACE  ADNIN. 
LEWIS  RSSSARf^H  CENTER  CP- 

21000  BROOKPARH  ROAD 
CLEVELAND,  OHIO  ^44135 


ATTN:  LIBRARY 


(1) 


NAT’L  AERONAUTICS  4  SPACE  ADMIN. 
WASHINGTON,  D.C.  20546  CP-13 


ATTN:  OFFICE  OF  TECHNICAL  INFO. 

4  EDUCATIONAL  PROGRAMS 
CODE  ETL  (1) 


JOHN  F.  KENNEDY  SPACE  CENTER  CP-9 
NAT’L  AERONAUTICS  4  SPACE  AOMIN. 
COCOA  BFJiCH,  FLORIDA  32931 


ATTN I  LIBRARY 

(1) 


SCIENTIFIC  AND  TECH.  INFO. 

facility 

P.  0.  BOX  5700  ^ 

BBTHESDA,  MARYLAND 

ATTNj  NASA  REPRESENTATIVE 


CP-14 


I 


I 


COMUANDING  OFFICBR  CP-15 

BALLISTIC  R&SRARCH  LABORATORIRS 

a8;*:hi}£e:n  proving  ground, 

MARYLAND  21005 


ATTN:  AUXBR 


(1) 


U.  5.  ARMY  ‘ilSSILB  COUUAND  CP-29 
RSDSTONii:  SCIENTIFIC  INFO.  CENTER 
REDSTONE  ARSENAL,  ALABAMA  55808 

ATTN:  CHIEF,  DOCUUBNT  SECTION 

(4) 


COMMANDING  OFFICER  CP-21 
U.S.  ARMY  RESEARCH  OFFICE  {DURHAM) 
BOX  CM,  DUKE  STATION 
DURHAM,  NORL'H  CAROLINA.  27706  (1) 


y# 


COMMANDING  GENERAL 
WHITE  SANDS  MISSILE  RANGE 
NEW  MEXICO  88002 
ATTN:  TECHNICAL  LIBRARY 


CP-30 

(1) 


COMMANDING  OFFICER  CP-23 

FRANKFORD  ARSENAL 

PHILADELPHIA,  PENNSYLVANIA  19137 


ATTN: 


PROPELLANT  AND  EXPLOSIVES 
SECTION,  1331  (1) 

It? 


BUREAU  OF  NAVAL  WEAPONS 
DEPARTMENT  OF  THE  NAVY 
WASHINGTON,  D.  C.  20360 

ATTN:  DLI-3 


CP-34 


C'CMMANDING  OFFICER 
PICATINNY  ARSENAL 
DOVER,  NEW  JERSEY  07801 


CP-25 


BUREAU  OP  NAVAL  WEAPONS  CP-35 
DEPARTMENT  OF  THE  NAVY 
WASHINGTON,  D,  C,  20360 

ATTN:  RaHP-2  (2^ 


^7 


a' 

a' 


ATTN:  LIBRARY  (1)  a 

/(/fl 


BUREAU  OP  NAVAL  WEAPONS 
DEPARTMENT  OF  THE  NAVY 
WASHINGTON,  D.  C.  20360 


ATTN.:  RUUP-4 


COUMANDrMft  OFFICES  CP-26 


PICATINNY  ARSENAL 

LiaUID  ROCKET  PROPULSION  LABORATORY 
DOVER,  NEW  JERSEY  07801 


/y 


CP-37 


(1)  ^ 


ATTN:  TECHNICAL  LIBRARY  (2) 


I 


BUREAU  OF  NAVAL  W2AP0NS 
DKPARraSMT  OF  THE  NAVV 
WAoiUN'JTON,  D.  0.  20360 

ATTN;  RRRS-6 


CP-3a 


COaaANDING  OFFICER  CP-46 

U.  3.  NAVAL  PROPELLANT  PLANT 
INDIAN  HEAD,  UARILANO  20640 


ATTN;  TECH.  LIBRARY 

tX) 


CONUANDBR  CP-40 

U.  S.  NAVAL  NISSILE  CENTER 
POINT  HUGO,  CALIFORNIA  93041 


ATTN:  TECH.  LIBRARY 


COUUANDER  ?  C 

U.  S.  NAVAL  ORDNANCE  LAI. 

WHITE  OAK  i 

SILVER  SPRING,  UARYLAND  20910 

ATTN;  LIBRARY  {; 


‘  ,  iy  li^ 

(2)  COUaANDINO  OFFICER 

OFFICE  OF  NAVAL  RESEARCH 
1030  K,  GREEN  STREET 
PASADENA,  CALIFORNIA  91101 
(1) 

CP-42 


CP-51 


DEPT.  OF  THE  NAVY 
OFFICE  OF  NAVAL  RESEARCH 
WASHINGTON,  D.C,  2036 


COaUANDER  CP-43  WASHINGTON,  D, 

U.  S.  NAVAL  ORDNANCE  TEST  STATION  ^ 

CHINA  LAKE,  CALIFORNIA  93557  Jrti/P  ATTNL  CODE  429 

(1) 

ATTN;  CODE  45  (5) 


CP-52 


COaSAHOSH  (CODE  753)  CP.44 

D.  S»  NAVAL  ORDNANCE  TEST  STATION 
china  lake,  CALIFORNIA  93557  ^ 

ATTN;  TECH.  LIBRARY 

(2) 


DIRECTOR  (CODE  6160)  CP-53 

U.  S.  NAVAL  RESEARCH  LAB. 
WASHINGTON,  D.  C,  20390 

ATTN;  H.W.  CARHART  V  ^ 

(1) 


SUPERINTENDENT  CP-45 

U.  S.  NAVAL  POSTGRADUATE  SCHOOL 
NAVAL  ACAOSUY 

UONTEREY,  CALIFORNIA  93900  <7 

(X) 


DIRECTOR 

SPECIAL  PROJECTS  OFFICE 

departnent  op  the  navy 

WASHINGTON,  D.C.  20360 


GP-55 


COJiaANDING  OFFICER  CP 
U,  S.  a  AVAL  UNDER  i/ATER  ORDNANCE 
STATION 

HEaPORr,  RHODE  ISLAND  0284'i 


ATTN;  W.  #.  BARTLETT 


AFRPL  (RPR) 

EDJfARDS,  CALIFORNIA  93523 


RTD  (RTNP) 

BOLLING  AFB 

WASrilNGTON,  D.C.  20332 
(1) 


CP-58 

'•/'i'A 


AIR  FORCE  ROCKET  PROPULSION  LAB, 
EDWARDS,  CALIFORNIA  93523  CP-65 

ATTN:  RPU 
(1) 


ARNOLD  ENG,  DEVELOPJENT  CENTER 
AIR  FORCE  SYSTEMS  COaUAND  CP-59 
TULLAHOMA,  TENNESSEE  37389 
ATTN:  AEOIM 

(1)  ^ 


HEADQUARTERS,  U,  S,  AIR  FORCE 
WASHINGTON,  D,  C,  20330  CP-68 

ATTN:  AFRSTD  (1) 


DEFENSE  DOCUMENTATION  CENTER 


CAJERON  STATION 
ALEXANDRIA,  VtRJIMIA  22314 
(80) 


CP-61 

^llio 


K 


OFFICE  OF  RESEARCH  ANALYSIS  (OAR) 
HOLLOUAN  AFB,  NEW  MEXICO  88330 

CP-<‘9 


ATTN:  RRRT 

(1) 


AFRPL  (RPCL)  CP..6S 

EDWARDS,  CALIFORNIA  93523  (1) 

7/  ^ 

’  '  AIR  FORCE  OFFICE  OP  SCIENTIFIC  RES, 

WASHINGTON,  D,  C.  20353'  .  CP* '^1 

f7(r 


ATTN:  SRSP,  DR.  J.P.  MASI 

Cl) 


VfRIGllT- PATTERSON  AFP 
OHIO  45433 

CP-7e 

\ 

AEROPROJECTo,  INCo 

CP-87 

ATT*  AFML  (UAAC) 

310  EAST  R03EDALE  AVENUE 
WEST  CHESTER,  PENNSYLVANIA 

19380 

ATTN:  C.  D.  MCKINNEY 
(1) 

i'sf 

AEROJST-asriERAL  CORPORATION 


P.  0. 

BOX  296 

AZUSA, 

CALIFORNIA 

91703 

ATTN: 

LIBRARIAN 

\ 

U) 

CP-83 


\ 


AEROSPACE  CORPORATION 

P.  0.  BOX  95035 

LOS  ANOELES,  CALIFORNIA 

ATT;  LIBARY  DOCUMENTS 


CP-88 


90045 

(2) 


AERO JET -GENERAL  CORPORATION 
11711  SOUTH  ifOODRUFF  AVENUE  CP-84 
DO«NEY,  CALIFORNIA  90241 


ATTN*  P.  U.  fEST 

U) 


LIBRARIAN 


ALLIED  CHEMICAL  CORPORATION  CP-91 
GENERAL  CHEMICAL  DIVISION 
P.  0.  BOX  405 


MORRISTOWN,  NBlf  JERSEY  07960 
ATTN;  SECURITY  OFFICE 


AEROJET -GENERAL  CORPORATION 

P.  0.  BOX  1947  CP-85 

SACRAMENTO,  CALIFORNIA  95809 


ATTN* 

(5) 


TECHNICAL  J.IBRARY  2484-2015A 


tfJ 


# 


CELANESB  CORPORATION  OF  AMERICA 
BOX  3049  CP-92 

ASHEVILLE,  NORTH  CAROLINA  28802 


(1) 


ABRONUTRONIC  DIV.  PHILCO  COftP. 

FORD  ROAD  CP-86 

NFJPOP.T  BEACH,  CALIFORNIA  92600 


ATTN*  DR.  L.  H.  LINDER,  MGR. 

TECH.  INFO.  OBPT.  (1) 


AMERICAN  CYANAUIO  COMPANY 
1937  ».  main  street 
STAMFORD,  CONNECTICUT  06902 


CP-93 


ATTN*  SECURITY  OFFICER 

(1) 


IIT  RESEARCH  IHSTITUTS  CP-VS 

TECH.\OLOGY  CENTER 

CHICAGO,  ILLINOIS  60616  ^ 

ATTN;  C  HSRSH, 

Ch  itlSTRY  DIVISION  (1) 


ARO,  INC.  CP<99 

ARNOLD  ENQRG.  DEV.  CENTER 
ARNOLD  Af  STATION,  TENNESSEE  37389 


ATTN;  DR.  B.  H.  GOETHERT 
CHIEV  SCIENTIST 


M) 


ATLANTIC  RESEARCH  CORPORATION 
SHIRLEI  HIGHWAY  AND  ECSALL  ROAD 
ALEXANDRIA,  VIRGINIA  22314  CP-lOl 

ATTN;  SECURITY  OFFICE  FOR  LIBRARY 

(2) 


t?'-/ 


1‘ 


THt.  BOEING  COUPANY  CP-108 

AERO  SPACE  DIVISION 
P.  0.  BOX  3707 

SEATTLE  24,  WASHINGTON  (I) 

AT’.:  h.  PKERENBOO:;,  Lit  'ARY  PROCESS 


SUPV.  (1190) 


CHEMICAL  PROPULSION  INFORMATION 
AGENCY  CP-114 

APPLIED  PHYSICS  LABORATO.RY 
8621  GEORGIA  AVENUE 
SILVER  SPRING,  MARYLAND  20910 


FMC  CORPORATION  CP-115 

CHEm.  RESEARCH  A  DEV.  CENTER 
P.  0.  BOX  8 

PRINCETON,  NEW  JERSEY  08540  (1) 


BATTBLLE  MEyORIAL  INSTITUTE  CP-103 
505  KING  AVENUE 
C01.UUBUS,  OHIO  43201 

Al’XN;  kEPOHT  LIBRARY,  ROOU  6A  7  ^ 

(1) 


DOUGLAS  AIRCRAFT  CO.,  INC.  CP-122 
SANTA  MONICA  DIVISION 


3000  OCEAN  PARK  30UL5VARD 
SANTA  MONICA,  CALIFORNIA  90405 
ATTN:  UR.  J.  L.  WAISUAN 


(1) 


BELL  AER03T3TCUS 
BOX  1 

BUFFALO,  NEW  Y  'K  14205 


CP-105 


ATTN:  T.  REINHARDT 

U)  . 


THE  DO;V  CHEyiCAL  COUPAMY 
SECURITY  SECIIO.N 
BOX  31 

UIDLAND,  alCHI'JAy  48641 
ATTN:  OK.  R.  S.  KARPIUK, 
1710  BUILDING 


CP-123 


(1) 


tO':j 


HEnCUL  ES  POTTDSR  COMPANY  CP-142 

RESEARCH  CENTER 
KILNING "ON,  DELAWARE  19899 
ATTN:  DR.  HERMAN  SKOLNIK,  NAN ACER 
TECHNICAL  INFORMATION  OIV. 


E.  I.  DUPONT  DENEMO'JRo  AND  COMPANY 
EASTERN  LABOR-STORY  CP-125 

GX33ST0WN,  NEW  JERSEY  08027 


ATTN:  MRS.  ALICE  H.  STEWARD  ,  ,  . 


INSTITUTE  Op  DEFENSE  ANALYSES 
400  A.TMY-NAjTY  DRIVE  CP-146 

ARLINGTON,,;  VIRGINIA  22202 
ATTN:  CLASSIFIED  LIBRARY 

(1)  I 


ESSO  RESEARCH  AND  ENGINEERING  CO. 
SPECIAL  PROJECTS  UNIT  CP-126 

P.  0.  BOX  8 

LINDEN,  NEW  JERSEY  07036 
ATTN:  MR.  D.  L.  8AS0ER  (1) 


JET  PROPULSION  LABORATORY  CP-147 
4800  OAK  GROVE  DRIVE 
PASADENA,  CALIFORNIA  91103 


GENERAL  DYNAMICS/ ASTRONAUTICS 
P.O.  BOX  1128  CP-133 

SAN  DIEGO,  CALIFORNIA  92112 

ATTN:  LIBRARY  k  INFO.  SERVICES 
U}  (128-00) 


% 


HEH'^ULBS  POWDER  COMPANY  CP-133 
ALLEGANY  BALLISTICS  LABORATORY 
P.  0.  BOX  210 

CUMBERLAND,  MARYLAND  21501  /Ol/i" 


LOCKHEED  PROPULSION  COMPANY  CP-152 
P,  0.  BOX  111 

REDLANDS,  CALIFORNIA  92374 


ATTN:  MISS  BELLE  3ERLAD, 
LIBRARIAN 


ATTN:  LIBRARY 


(1) 


I 


I 

I 


UARDT  CORPORATION 
4  oATICOY  n’RSliT  CP-155 
•xJOli,  SOUTH  ANNEX 
NUYS,  CALIFORNIA  91404 


SPACE  TSCHNOLOCY  LABORATORY,  INC. 

1  space  park  CP-185 

REOONUO  BEACH,  CALIFORNIA  90200 


AiTN:  STL  TECH.  LIB.,  DOC. 
ACQUISITIONS 


(2) 


,1 


I 


ESOTA  .‘nNINC  4  UAMFACTURING  CO. 
BUSH  AVENUE  CP-159 

PAUL.  MINNESOTA  55106 
:  CODS  0013  R4D  ^ 

h.  C.  ZEUAN  y 

SECURITY  administrator 

? 


TEXACO  EXPERIMENT  INCORPORATED 
P.  0.  BOX  1-T  CP-187 

RICHMOND,  VIRGINIA  23202 

ATTN:  LIBRARIAN 

(1) 

\ 


ANTO  RESEARCH  CORPORATION 

ON  LABORATORY 

STT,  MASSACHUSETTS  02149 


CP-181 

//7/^ 


THIOKOL  CHEMICAL  CORPORATION 
ALPHA  DIVISION,  HUNTSVILLE  PLANT 
HUNTSVILLE,  ALABAMA  35800  CP-189 


ATTN;  TECHNICAL  DIRECTOR 

(1) 


KORTH  AMERICAN  AVIATION,  INC. 

SPACE  4  INFORMATION  SYSTEMS  DIV. 
12214  LAKEWOOD  BOULEVARD 
DOWNY,  CALIFORNIA  V0242  . 

ATTN;  W.  H.  MORIIA  CP-16b  ' 


ETDYNE  CP-  180 

!  CA.NOOA  AVENUE 

[OA  PARK,  CALIFORNIA  91304 


:  LIBRARY, 


DEPT. 


THIOKOL  CHEMICAL  CORPORATION 
ELKTON  DIVISION 
CLKTON,  MARYLAND  21921 

ATTN:  LIBRARIAN  / 

(1) 


CP-192 

rV' 


AND  HAAS  COMPANY 
TONS  ARS; NAL  RESEARCH  DIV 
SVILLE,  ALABAMA  35308 


CP-182 


:  LIBRARIAN 


rnroxoL  chsmical  corporation 

RiiAiJVION  VIOTURA  DIVISION  CP-193 
DEN V ill;-,  new  JSRSEI  07834 


NAT'L  AERONAUTICS  4  SPACE  ADNIN. 
WAiHINOTON,  D.C.  20346  CP-209 


ATTN?  LIBRARIAN 

(1) 


ATTN;  R.  W.  ZiEM  (RPS) 

139//^ 


THIOXOL  CHEMICAL  CORPORATION 
ROCKET  OPERATIONS  CENTER  CP-194 
P.  0.  BOX  1640 
OCDSN,  UTAH  84401 


ATTN;  LIBRARIAN 


NAT^L  AERONAUTICS  4  SPACE  ADMIN. 
GODDARD  SP^CE  PLIGHT  CENTER  CP-210 
GREEN8ELT,  MARILAND  20771 

ATTN;  LIBRARY 

(i) 


THIOKOL  CHEMICAL  CORPORATION 
WASATCH  DIVISION  CP-^95 

P.  0.  BOX  524 
BRIGHAM  CITY,  UTAH  84302 

ATTN;  LIBRARY  SECTION  (2) 


UNITED  AIRCRAFT  CORPORATION  CP-201 
CORPORATION  LIBRARY 
400  MAIN  STREET 

EAST  HARTFORD,  CONNECTICUT  06118 
ATTN;  UR.  DAVID  RLi  (1) 

13 


general  ELECTRIC  COMPANY 
APOLLO  SUPIORT  DEPT. 

P.  0.  BOX  2500 

DAYTONA  BLACH,  FLORIDA  32015 
A'fTN;  C.,  DAY  (Ij 

} 


CP-211 


AFSC(CLT/  CAPT.  S.  ff.  BOIEN) 

ANDREWS  AIR  FORCE  BASS  CP-229 

WASHINGTON,  D.  C.  20332 

Cl) 


UNITED  AIRCRAFT  CORPORATION  CP-202 
PRATT  4  >VHITNEY  FLA,  RS.  4  DEV. 
CENTER 

P.  0.  BOX  2691 

WEST  ?ALM  BEACH,  FLORIDA  33402 
ATI'N;  library  (1) 

I 


Rocket  research  corporation 

520  SOUTH  PORTLAND  STREET 
SEATTLE,  WASHINGTON  98108 

(X) 


CP-231 


DEtlVER  SEUIMARY  CP -232 

(U-UVERoITY  OF  DEHVER) 

UMl'/ERoITY  PARK 
P.O.  BOX  10127 
DENVER,  COLORADO  80210 
ATTN:  SECURITY  OFFICE  (1) 


GALLERY  CHEMICAL  COMPANY  CF-111 


RESEARCH  AND  DfVELOPMENT 
GALLERY,  P£4NN$YLVANIA  16024 

ATTN;  DOCUMENT  CONTROL 

(1) 


AFFTC  (  FTBAT-2) 

EDWARDS  AIR  FORCE  BASE 

ETHYL 

CORPORATION 

CP-127 

CALIFORNIA 

P.  0. 

BOX  3091 

ATTN:  TECHNICAL  LIBRARY  (1)  \L'0^ 

BATON 

ROUGE,  LOUISIANA 

70805 

(1) 

j  1/  .^'1^ 

NAT’L  AERONAUTICS  i  SPACE  ADSIN. 

LANGLEY  RESEARCH  CENTER 
LANGLEY  AIR  FORCE  BASE  ^ 

VIRGINIA  22365  /il5" 

ATI:  MK.  C.  E.  NICHOLS  (1)  '  ' 


AIR  UNIVERSIIY  LIBRARY 
KAXAELL  AFB,  ALABAMA 


36112 

(1) 


m 


HYNES  RESEARCH  CORPORATION  CP-144 

303  BON  AIR  AVENUE 

DURHAM,  NORTH  CAROLINA  27704 


(1) 


LOS  ALAMOS  SCIENTIFIC  LABORATORY 
UNIVERSITY  OF  CALIFORNIA  CP-154 
P.O.  BOX  1663 

LOS  ALAMOS,  NEW  MEXICO  87544 

N/fi'  I 

DIRECTOR 

ADVANCED  RESEARCH  PROJECTS  AGENCIES 
WASHINGTON,  D.  C.  20301  (1) 


AIR  FORCE  ROKBT  PROPULSION  LAB. 
EDWARD,  CALIFORNIA  93523 

CP-63 

(1) 


CLIN  MATUIESON  CHEMICAL  CORP.  CP-168 
MARION,  ILLINOIS  62959 


ATTN : 


RESEARCH  LIBRARY 
BOX  508 


AWN:  RPCS 


(1) 


1. 


OLW  ’jATillZZO'A  CHSLIICAL  CORP.  CP-169 

/?£:.iHARCH  LIBRARY  l-K-3 

275  WItJCHaSi’ER  AVSNU2 

WEW  RA’/EM,  CO.’LNECriCUr  06511  r 

ATTM:  MAIL  CO.’iTHOL  ROOM  f 

(IJ  UlSii  LAURA  14.  KAJUTI  fV 


THIOXOL  CKBMICAL  CORPORATIOM 
SPACE  BOOoTSK  DIVIiilON  CP-i90 

BRU.'Jf^lCii,  GEORGIA  31520  , 


PENNSALT  CHEMICALS  CORP. 
TECHNOLOGICAL  CENTER 
900  ,-‘IRST  AVENUE 


CP- 170 


kin.’  of  PRUSSIA,  PENNSYLVANIA  19406  ,1^ 


PUROUE  UNIVERSITY 
LAFAYETTE,  INDIANA 

ATTN:  U.  J.  ZUCROW 

Cl) 


4i^907 


CP-174 


ATTN:  LIBRARIAN 

(1) 


CALIFORNIA  INSTITUTE  OF  TECHNOLOCT 
1201  E.  CALIFORNIA  8LVD,  CP-321 

PASADENA,  CALIFORNIA 


ATTN:  SECURITY  OFFICER 

(1) 


NORTH  AMERICAN  AVIATION 
ROCKETDYNE  DIVISION 
UC  GREGOR  PLANT 
UC  GREGOR,  TEXAS  76657 


CP-181 


DEPARTMENT  OF  COMMERCE  CP-234 

OFFICE  OF  EXPORT  CONTROL 
fASHlNGTON,  D.C. 

ATTN:  CHIEK  CHEMISTRY  k  FUELS  SEC. 
PAUL  U.  TERLIZZI  (1) 


SHELL  DEVELOPMENT  COMPANY  CP-183 

14(0  55RD  STREET 

EMERYVILLE,  CALIFORNIA  94600 


TEXACO  INC . 

P.  0.  30X  509 

BEACON  ,  NEi;  YORK 


P"' . 


CPI88 


12508  ./V' 

.  P' 


ATTN}  Dr.  R.  F..  CONARY,  Mgr 
(1) 


Air  Fore®  Flight  Test  Center ,  Cdwai  ds  AF  Base,  Calif.  1.  AFSC  Project  305804  Air  Force  Flight  Te8tCentt»r,  Fdwards  AF  Base.  Calif.  1.  AFSC  Project  305804 

Rpt.No.  AFRPL.TR-65-184.  ANINTJ^GRATEDRESEARCH  U.  Contract  AF  04(6 1  i)-85  16  Rpt.  No.  AFRPL-TR -65 -184.  AN  INTEGRATED  RESEARCH  H.  Contract  AF  04f6  i  l>-85 : 
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